REMARKS 

Favorable consideration of this application is respectfully requested in view of the 
foregoing amendment and the following remarks. Claims 1-5, 7-15, 18 and 19 are pending in 
the application. Claim 1 has been amended to incorporate the features recited in claims 18-19. 
Accordingly, claims 18-19 have been cancelled without prejudice. New claim 20 has been added 
and depends from claim 9. Support for claim 20 is found in originally filed claim 9 and 
throughout the specification. Applicant respectfully requests entry of the amendment. 

Claims 1, 4, 7, 8 and 9 have been rejected under 35 U.S.C. §1 02(a) as being anticipated 

by Dimitroff. In particular, the Examiner states: 

"Dimitroff et al. discloses a method for treating neovasculature in a 
subject comprising administering an effective amount of an anti- 
angiogenic agent to the subject, administering an effective amount 
of a photosensitive agent to the subject, and irradiating the 
neovasculature with light having a wavelength absorbable by the 
photosensitive agent." 

The Examiner further states on page 6 (Response to Arguments) with respect to 

Dimitroff et al. that 

"Applicant argues that Dimitroff et al. fails to indicate ocular 
neovascularization. Examiner respectfully disagrees. Specifically, 
on page 122, second column, second paragraph, there is 
disclosure of experimental models of iris and retinal angiogenesis." 

Applicant respectfully disagrees with the Examiner's assertions and conclusion and 
submits that claims 1 , 4, 7, 8 and 9 are not anticipated by Dimitroff et al. for the reasons stated 
below. 

Dimitroff et al. teach that a combination treatment involving photodynamic therapy (PDT) 
followed by therapy with the tyrosine kinase inhibitors, PD1 66285 and PD1 73074, was effective 
in suppressing and delaying tumor regrowth. While Dimitroff et al. indicate that PD1 73074 
demonstrated anti-angiogenic effects on fibroblast growth factor-induced corneal 
neovascularization (see introduction section page 122), Dimitroff et al. fail to teach that a 
combination treatment of PDT and PD1 66285 or PD1 73074 would be effective in treating 
unwanted ocular neovascularization in a subject suffering from choroidal or retinal 
neovascularization as recited in amended independent claim 1. 

With respect to the Examiner's statement that "Applicant argues that Dimitroff fails to 
indicate ocular neovascularization" (see page 6 of the outstanding Office Action), Applicant 
asserts that this is not an accurate characterization of what Applicant actually stated in the 
previous Amendment dated August 4, 2004. Applicant actually stated in the previous 
Amendment (see page 4, last paragraph) that "Dimitroff et al., however, fail to indicate that such 
a therapeutic combination [i.e., PD166285 or PD173074 combined with PDT] is useful to treat 
unwanted ocular neovascularization." 
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With respect to the Examiner's contention that Dimitroff et al. on page 122, second 
column, second paragraph, indicate ocular neovascularization In its disclosure of experimental 
models of iris and retinal angiogenesis, it is noted that the referenced articles in Dimitroff et al. 
(see Dimitroff et al., references 23 and 24, Wilson et al., Qphthal. & Vis. Sci .. Vol. 32(9):2530-5, 
1991 and Miller et al. Ophthalmology . Vol. 98(11):1711-9, 1991, respectively; copies of which 
are attached) pertaining to the disclosure of experimental models of iris and retinal angiogenesis 
do not describe experimental models of iris and retinal angiogenesis utilizing a combination 
therapy of PDT and PD1 66285 or PD1 73074. Instead, the referenced articles (ref. 23 an 24) in 
Dimitroff et al. describe experimental models of iris and retinal angiogenesis utilizing treatment 
with PDT alone. Accordingly, since Dimitroff et al. does not specifically teach the use of a 
combination of PDT and PD1 66285 or PD 173074 to treat unwanted ocular neovascularization 
in a subject suffering from retinal or choroidal neovascularization, Dimitroff et al. does not 
anticipate amended independent claim 1. 

In view of the above, withdrawal of the rejection of claims 1 , 4, 7, 8 and 9 under 35 U.S.C 
§1 02(a) is respectfully requested. 

Claims 9 and 10 have been rejected under 35 U.S.C. §102(e) as being anticipated by 
U.S. Patent 6,214,819 (Brazzell et al. ^819). In particular, the Examiner states "Brazzell et al. 
('819) discloses wherein the anti-angiogenic agent is N-benzoyl-staurosporine." Applicant 
respectfully disagrees with the Examiner's assertion and conclusion and submits that Brazzell et 
al. '819 do not anticipate claims 9 and 10. 

Brazzell et al. '819 describe a method of treating ocular neovascularization by 
administering a staurosporine derivative. Brazzell et al. '819, however, do not describe that a 
combination treatment of staurosporine and PDT therapy would be effective in treating 
unwanted ocular neovasculature in a subject suffering from choroidal or retinal 
neovascularization as recited in claims 9 and 10, which depend from amended claim 1. Since- 
Brazzell et al. '819 do not identically describe claims 9 and 10, Brazzell et al. '819 do not 
anticipate claims 9 and 10. 

In view of the above, withdrawal of the rejection of claims 9 and 10 under 35 U.S.C. 
§1 02(e) is respectfully requested. 

Claims 1, 3, 18 and 19 have been rejected under 35 U.S.C. §103(a) as being 
unpatentable over U.S. Patent 6,297,228 (Clark) in view of Dimitroff et al. 

Clark describes treating ocular neovascular diseases utilizing a combination of PDT and 
angiostatic steroids such as anacortave acetate. Dimitroff et al. describe utilizing the tyrosine 
kinase inhibitors, PD1 66285 and PD1 73074, in combination with PDT to inhibit tumor growth. 
Dimitroff et al., however, do not teach or specifically suggest that PD1 66285 and PD1 73074 can 
be used in combination with PDT to treat ocular neovascularization in a subject suffering from 
choroidal or retinal neovascularization. In addition, neither Dimitroff et al. nor Clark indicate that 
PD1 66285 and PD1 73074 can be substituted for the steroid, anecortave acetate, and combined 

- - 5 



with PDT to treat ocular neovascularization in a subject suffering from choroidal or retinal 
vascularization. Further, it is not apparent where Dimitroff et al. disclose antagonists of growth 
hormone, antagonists of IGF-1, inhibitors of cyclooxygenase II, antagonists of angiotensin II, 
antagonists of NF-kappa B and phopholipase A2 antagonists as asserted by the Examiner on 
page 4 of the outstanding Action. Applicant requests that the Examiner indicate on which page 
and column such antagonists/inhibitors are described in Dimitroff et al. 

In view of the above, it is Applicant's position that the combination of Clark and Dimitroff 
et al. does not make obvious amended independent claim 1. Accordingly, withdrawal of the 
rejection of claims 1, 3, 18 and 19 under 35 U.S.C. §103(a) is respectfully requested. 

Claims 2, 4, 5 and 13-15 have been rejected under 35 U.S.C. §1 03(a) as being 
unpatentable over Clark in view of Dimitroff et al. 

With respect to this §103 rejection, the same arguments proffered above to address the 
§103 rejection of claims 1, 3, 18 and 19 are applicable to the §103 rejection of claims 2, 4, 5 and 
13-15, namely that Dimitroff et al. do not teach or specifically suggest that PD166285 and 
PD 173074 can be used in combination with PDT to treat ocular neovascularization in a subject 
suffering from retinal or choroidal vascularization Further, neither Dimitroff et al. nor Clark 
indicate that PD1 66285 and PD1 73074 can be substituted for anecortave acetate and combined 
with PDT to treat ocular neovascularization in a subject suffering from retinal or choroidal 
vascularization. Accordingly, the combination of Clark and Dimitroff et al. does not make 
obvious claims 2, 4, 5 and 13-15. 

In view of the above, withdrawal of the rejection of claims 2, 4, 5 and 13-15 under 35 
U.S.C. §1 03(a) is respectfully requested. 

Claims 1 1 and 12 have been rejected under 35 U.S.C. §1 03(a) as being unpatentable 
over Clark in view of Dimitroff et al. and further in view of U.S. Patent 5,770,619 (Richter et al.). 

With respect to this §103 rejection, the same arguments proffered above to address the 
§103 rejections of claims 1, 3. 18 and 19 and claims 2, 4, 5 and 13-15 are applicable to the §103 
rejection of claims 1 1 and 12, namely that Dimitroff et al. do not teach or specifically suggest 
that PD1 66285 and PD1 73074 can be used in combination with PDT to treat ocular 
neovascularization in a subject suffering from retinal or choroidal neovascularization. Further, 
neither Dimitroff et al. nor Clark teach or specifically suggest that PD1 66285 and PD1 73074 can 
be substituted for anecortave acetate and combined with PDT to treat ocular neovascularization. 
Richter et al. in disclosing that photosensitive agents can be selected from the group consisting 
of a porphyrin, a purpurin and a benzoporphyrin derivative monoacid ring A do not remedy the 
deficiencies present in Clark and Dimitroff et al. Accordingly, the combination of Clark, Dimitroff 
et al. and Richter et al. does not make obvious claims 11 and 12. 

In view of the above, withdrawal of the rejection of claims 1 1 and 12 under 35 U.S.C. 
§1 03(a) is respectfully requested. 
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Claims 11 and 12 have been rejected under 35 U.S.C. §103(a) as being unpatentable 
over Dimitroff et al., in view of Richter et al. 

While Dimitroff et al. teach that PD166285 and PD173074 can be combined with PDT to 
suppress or delay tumor growth, Dimitroff et al. fail to teach that such a combination treatment 
could be utilized to treat unwanted ocular neovascularization in a subject suffering from 
choroidal or retinal neovascularization. Richter et al. in disclosing that photosensitive agents 
can be selected from the group consisting of a porphyrin, a purpurin and a benzoporphyrin 
derivative monoacid ring A do not remedy the deficiencies present in Dimitroff et al. Accordingly, 
the combination of Dimitroff et al. and Richter et al. does not make obvious claims 1 1 and 12. 

In view of the above, withdrawal of the rejection of claims 1 1 and 12 under 35 U.S.C. 
§1 03(a) is respectfully requested. 

A good faith effort has been made to place the present application in condition for 
allowance. If the Examiner believes a telephone conference would be of value, she is requested 
to call the undersigned at the number listed below. 



Respectfully submitted 



Corporate Intellectual Property 
One Health Plaza, Building 104 
East Hanover, NJ 07936-1080 
(862) 778-7859 



Novartis 




Attorney for Applicant 
Reg. No. 37,350 



Date: June 2, 2005 
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Investigaiive Ophthalmology A Visual Sdcocc Vol. 3i Na 9. August 1 991 - 
Cop}-rigbi e Asiodaitoo for Rcscucti in Vision and Ophtbalmolocy 

Treotmenr of Experimental Preretinal 
Neovosculorizarion Using Phorodynonnic Thronnbosis 

Charles A. Wilson,* Perer Sobupis.* end Diane L HafcheII*tt 

Retinal or preretinal neovascularization (NV) is the result of many ischemic conditions of the retina and 
is an important factor leading to severe visual loss in diabetic retinopatiiy. Panretinal photocoagulation 
does not always control its growth or bleeding sequeUie. A potential new treatment modality* photodyn- 
amic therapy (PDT), was evaluated for Umiting the progression of experimental NV In the rabbit eye; 
The NV was produced by iojecting cultured dermal fibrobhists into the preretinal vitreous space after 
combined enzymatic and mechanical vitreolysis. This metiiod results in traction retinal detachment 
witfi a rapid and consistent growth of NV. After administration of the photosensitizing dye rt>se bengal 
(20 mg/kg intravenouslyX PDT was done using a slit-lamp light source focused through a fundus 
contact lens (45 J/cra*). The NV was treated on two separate occasions during the active phase of 
growth (on days 13 and 21 after fibroblast hjection). Gmtrol animals were exposed to light before 
injection of rose bengal. Eight randomly asslghed animals in each group were foUowed between treat- 
ments and for 28 days after the second treatment. The appearance of NV was documented by &«qaent 
photography and fluorescehi angiography. The PDT resulted in tiu-ombosis of NV for at least 3 days. 
Reperfuslon, however, was conslstentiy noted at 7 days. Thrombosis was associated with a delay In the 
growth and maturation of NV fronds, which resumed after reperfiision. Twenty-eight days after the 
second treatment, NV in both experimental and control eyes had undergone atrophy. At that time (the 
conclusion of follow-upX however, tiie size of treated NV fronds (estimated from computerized image 
analysis of Ouorescein angiograms) was significantiy less than tiiat of controls. Thus, PDT offers 
promise as an adjunctive means of temporarily obliterating or stemming the growth of NV in the 
proliferative retinopatiiies. Invest Ophthalmol Vis Sci 32:2530-2535, 1991 



Preretinal neovascularization (NV) is a manifesta- 
tion of diabetic retinopathy and many other diseases. 
Untreated NV may progress to severe visual loss due- 
to vitreous hemorrhage or, more significantly, retinal 
detaclunent Panretinal photocoagulation usually 
produces regression of NV, for reasons which are un- 
certain. The practice of foaally treating new vessels to * 
occlude them, although advocated during the develop- 
ment of photocoagulation treatment, generally re- 
quires light energies which also produce extensive, 
fuU-thickness retinal damage.' Therefore, focal treat- 
ment of NV has been replaced largely by scatter pho- 
tocoagulation techniques that require less energy and 
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produce less thermal effects on irmer retinal layers. 
Despite recommended amounts of laser treatment, 
however, progression of NV has been observed in 
some individuals.^ We wished to develop an alterna- 
tive treatment for NV that avoids the thermal effects 
of laser photocoagulation and, therefore, evaluated 
- a potential new* modality, photodynamic therapy 
(PDT), in an animal model of preretinal NV. 

In PDT, a photosensitizing dye is administered sys- 
temically and activated in blood vessels or other tis- 
sues by light of a suitable wavelength. Biologically 
reactive molecules are produced which lead to tissue 
damage or, in the case of blood vessels, thrombosis. 
Most importantly, the photobiologic effects can be 
produced without substantiaDy heating tissues.^ Po- 
tential ophthalmologic uses of PDT that have been 
explored in animal models include the treatment of 
corneal*^ and iris' NV and uveal tumors.'**-'** One 
photosensitizing agent, hematoporphyrin derivative, 
has been used in humans for the treatment of choroi- 
dal melanoma preliminarily." 

Our study examined the effect of PDT on actively 
growing NV tufts in a recently developed rabbit 
model of vitreoietinal fibroblast proliferatioii.^^ The 
model was chosen because of its rapid and consistent 
production of NV tufts over the optic disc andmedul- 
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lary rays. Rose bengal, previously shown to be effec- 
tive in producing photochemical thrombosis of nor- 
mal retinal vessels in the rabbit cye,*^ '* was used as 
the photosensitizer. 

Materials and Methods 

Animals 

These experiments were done in accordance with 
the ARVO Resolution on the Use of Animals in Re- 
search. The 16 Dutch-belted rabbits (weight range, 
1 .0- 1 .9 kg) used in this study were divided randomly 
into two equal groups (treatment and control) on day 
12 after fibroblast implantation (vide infra), at which 
time the presence of NV could be documented clini- 
cally. 

Before treatment or examination,- the rabbits were 
anesthetized with ketamine HQ (25-50 mg/kg intra- 
muscularly) and xylazine HQ (5-10 mg/kg intramus- 
cularly). For treatment, the pupils wer« dilated using 
cyclopentolate 1% and phenylephrine 2.5%, PupiUary 
dilation was maintamed between follow-up examina- 
tions with atropine 1% ointment, which was applied 
after each examination or treatment. 

Production of Preretinal NV 

The method developed by Antoszyk et al" was 
used because it produces a high yield of NV. In their 
study, 95% of eyes developed clinically evident NV by 
day 14 after intravitreal iiyection of homologous der- 
mal fibroblasts. Briefly, the method consists of re- 
peated preretinal ir^'ection and aspiration of 1 lU of 
hyaluronidase (in O.I ml phosphate-buffered saline 
fPBSJ) over the optic disc and medullary rays. Studies 
in normal rabbit eyes showed that this dose of hyal- 
uronidase was weU tolerated by the retina.*^ Vitreoly- 
sis was assisted by sweeping a 25-gauge needle over 
the medullary rays. Residual hyaluronidase solution 
and vitreous was aspirated eventually (0.2 ml). Ho- 
mologous dermal fibroblasts, harvested and cultured 
as described previously/^ were injected into the area 
of vitreolysis (2.5 X 10^ cells/0. 1 ml PBS) and allowed 
to disperse in the area of the medullary rays. 

PDT 

The PDT was done by first positioning the animal 
on a adjustable stage mounted on a Topcon photo slit 
lamp (model SL-5D; Paramus, NJ) and stabilizing its 
head in a stereotactic device. The light intensity of the 
slit lamp was set to high, and the heat-absortring filter 
resident on the instrument was positioned. This 
filter's transmission is less than 12% at wavelengths- 
greater than 900 nm. The resulting irradiance, mea- 
sured with a YSI-Kettering model 65A radiometer 



(Yellow Springs Instrument, Yellow Springs, OH), • 
was 73 mV//cm\ A circular spot of light, 2-5 mm in 
diameter (slit-lamp setting), was centered and focused 
on the NV through a piano fundus contact lens, tak- 
ing care to avoid direct light exposure of the iris. The 
smaUest spot diameter was selected that covered the 
entire visible area of NV. 

Rose bengal (certified purity 90%; Sigma, St Louis, 
MO) was prepared in a concentration of 20 mg/ml in 
normal saUne and sterilized by aspiration through a 
0.22./im filter. With the animal in position as de- 
scribed, the dye was injected (20 mgAg) through a 
maiginal ear vein. Light exposure was continued for 
another 10 min (45 J/cm^), after which the rabbit was 
transferred to a dimly lit room arid allowed to recover. 
Treatments were done during the active phase of NV 
proliferation: 1 3 days after fibroblast injection and 8 
days later. Control animals underwent the same pro- 
cedure, except that the rose bengal was injected after 
the light exposure was completed. 

Ginical Examinations 

Follow-up examinations consisted of indirect oph- 
thalmoscopy, color fiindus photography, and fluores- 
cein angiography at baseline (1 day before the first 
treatment [12 days after fibroblast injection]); 1, 3, 
and 7 days after the first treatment; and 1. 3, 7, 14.' 
and 28 days after the second treatment In the model] 
NV undergoes spontaneous involution within 42 
days.*^ Accordingly, an observation period of 49 days 
was allowed. 



Image Analysis 

The size of the NV tufts was estimated by measur- 
ing the area of perfused NV in all fluorescein angio- 
grams. To avoid inaccuracies fixim fluorescein leak- 
age and spread, early-phase photogr^hs*were stud- 
ied. Image analysis was fedlitated by the focal ^ature 
of NV in the model One control eye, however, was 
excluded firom analysis because its NV was multicen- 
tric and could not be photographed adequately. 

Photographic natives were placed on a light box 
and viewed by a video camera through a Zeiss dissect- 
ing microscope (Carl Zeiss, Inc., Thomwood, NY). 
Images were digitized and captured on a video board 
mounted in a International Business Machines 386 
microcomputer (Boca Raton, FL) operating JAVA 
software (Jandd, Corte Madera, CA). The system was 
calibrated using a standardized area (a notdi) found 
at one comer of each photographic field. This area 
was defined as 100 square units. The NV was mea- 
sured by outlining the fiuore&cein-filliiig area with the 
mouse-directed cursor. The area in the outline was 
computed using the software. 
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Fig. 1. Fundus photograph showing the sUt-lamp biomicroscopic 
appearance of neovascularization during photodynamic treatment 
The illuminated area (solid arrow) includes the neovascular tuft 
(open arrows). Detached retina surrounds the tuft. 



Results 

The PDT resulted in a change in the color of the 
NV tuft from bright to dark red during the lO-min 
course of light exposure (Fig. 1). Near the end of the 
treatment, stagnant blood (as evidenced by interrup- 
tions in the continuity of the red cell column) occa- 
sionally could be visualized in some vessels. When 
normal myelin wing vessels were iii^the field of illumi- 
nation, they underwent partial or complete thrombo- 
sis during the course of treatment. Control eyes 
showed no clinically apparent changes during light 
exposure. 

After treatment, fluorescein angiography revealed 
nonperfusion of preretinal NV (Fig. 2). Total nonper- 
fusion was seen on posttreatment day 1, with NV 
silhouetted against the background of choroidal flu5>- 
rescence. By posttreatment day 3, however, some eyes 
showed small areas of fluorescein filling and leakage, 




Fig. 2. Angiographic awxarance of neovascularization pre- and I. 3, and 7 days after the first photodynamic treatmenL Before treatment 
early neovascular growUi is noted (solid anew) adjacent to normal medullary ray vessels (open arrow). Total nonperfusion of both new and 
normal (open amow) vessels is observed on post-treatment day 1 . At day 3, fluorescein leakage appears behind the neovascular tuft. Fmally at ' 
day 7, Uie neovascularization appears completely leperfuscd. 
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usually at the base of the NV tuft At day 7, NV in all 
eyes showed complete or near-complete repjerfusion. 
The second treatment reproduced these events. Hem- 
orrhagic complications were not observed at any 
time. Control eyes showed no angiographic evidence 
of nonperfusion after light treatment. 

The PDT significantly decreased the perfused area 
of NV (estimated from fluorescein angiograms by 
computerized image analysis) compared with con- 
trols at most follow-up examinations (Fig. 3). After 
each treatment, there was a repei^ion of NV within 
7 days, manifested as a rapid increase in perfused 
area. Between 7 and 28 days after the second treat- 
ment, there appeared to be a slower, parallel rate of 
increase in NV area in the treated and control groups; 
with the treated NV consistently remaining smaller. 
The difference between groups was agnificant {P 
< O.OS) at both 1 and 3 days after the first treatment 
and at all examinations after thjb second treatment 
(Figs. 3, 4). 

Discussion 

The clinical effects of PDT on the growth of preret- 
inal NV was examined in a rabbit model of vitreoret- 
inai fibroblast proliferation. Two treatments, 8 days 
apart, each produced temporary occlusion of NV. Re- 
perfiision generally occurred between 3 and 7 days 
posttreatment Growth and maturation of NV was 
delayed by treatment but not prevented. Treated NV 
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Ffg. 3. Area of perfused aeovascularization veisus days following 
iotravitreal fibroblast injection. Control neovascularization (open 
circles) showed progressive increase in area, whereas treated neovas- 
cularization (closed dides) was ten^Knarily oodudcd by POT on 
days 13 and 21 (arrowsX All means represent eight eyes, except at 
day 3 after the second treatment, when five control and three 
treated eyes were measured. Stati^cal comparisons (student t-test, 
two-tailed) of groups at each foOow-up^ examination were as fol* 
lows: 12 days {P = 0.75). 14 days (P < O.OOIX 16 days (P = 0.003), 
20day5(i*=0.l9).22days(i'<0,OOlX24days(i><O.OOlX28days 
(P < 0.001). 33 days (i» - 0.01). 49 days {P « 0U)3). Variances 
represent the SEM. 



. . continued to enlarge after reperfusion, but they were 
smaller than control NV. 

The duration of NV occlusion in this study was 
similar to photodynamic oodusions produced in nor- 
mal rabbit medullary ray vessels.'^**^ In these studies, 
reperfusion occurred by 3 days in taa^ov arterioles and 
by 7 days in m^or venules, Other r^rts were mixed 
regarding the duration of photodynamic vascular oc- 
clusion. In the cat eye, rose bengal-sensitized damage 
of the retinal microvasculature and choriocapiUaris 
produced extensive areas of occlusion with relatively 
little reperfusion after 4 months of foUaw-up.*^ Al- 
though the major retinal vessels remained perfused, 
they were not directly targeted during treatment. In a 
rabbit model of corneal NV, PDT using rose bengal 
produced long-lasting vessel occlusion.^ The mecha- 
nism of vessel injury, however, was imclear since ar- 
gon laser irradiation (514.S nm) was used at a suffi- 
cient power to generate a combined thermalr-photO' 
chemical reaction. Another photosensitizing agent, 
hematoporphyrin derivative, was used to obliterate 
iris NV in a primate model of branch retinal vein 
occlusion.' Two of four treated eyes were followed 
longer than 1 day. Of these, one eye had recurrent (or 
reperfused) iris NV 8 days after the initial treatnjient 
A second treatment abolished iris leakage for the dura- 
tion of follow-up (2 months). 

There are several factore that may influence the du- 
ration of vascular occlusion after PDT. Among these 
are the composition and size of the clot Previous stud- 
ies showed that the initial event leading to vascular 
thrombosis in PDT is endothelial cell injury and plate- 
let adherence.'^ The resulting clot is fibrin poor, and 
^ consequently it is believed to resist the effects of degra- 
dation initiated by tissue plasminogen activator.^*^ 
However, fibrin polymer stabilizes platelet plugs,.and 
its scarcity could result in a less stable occlusion. In 
addition, relatively small clots may not occlude ves- 
sels completely or could become fiagmented by hemo- 
dynamic forces. Another &ctor that could'iiafluence 
the duration of vascular occlusion is the rate of endo- 
thelial cell repair or regeneration. In actively growing 
NV, a number of retinal endothelial cells are already 
in a proliferative state. Provided that the initial stimu- 
lus for proliferation remains after PDT, unii^ured en- 
dothelial cells could repopulate damaged vessel lu- 
mina or form additional new vessels rapidly. Because 
mature NV fironds were not evaluated in our study, 
their response to PDT is imcertain. 

The NV growth was estimated by computerized 
. image aiialysis of fluorescein angiogranis. This tech- 
nique has several obvious disadvantages. First, it is 
only capable of detecting NV growth in two dimen- 
sion^ and second, it is subject to error related to ante- 
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fluorescein leakage than the treated ftond. ^"^^^^ m (B) and (D). The control neovasculanzauon is sUghtly larger and shows greater 



nor displacement of NV from the fundus which pro- 
duces a change in image magnification/Fortunately 
magnification changes would tend to reduce rather 
than mcrease the observed difference between larce 
and small NV tufts. This is because laige, extensive 
NV fronds generally were highly elevated, frequently 
growing onto and along the posterior lens surface 
SmaU tufts, by virtue of a more posterior location 
were relatively magnified. Despite these limitations' 
image analysis provided an objective estimation of 
NV growth in vivo that would not have been possible 
otherwise. 

There are several mechanisms by which PDT could 
hmit the growth of NV. Most directly, thrombosis of 
parent vessels deprives potential newer vessel buds of 
blood supply. Decreased blood supply could also 
'starve" surrounding tissues including fibroblast colo- 
nies. In this case, fibroblasts and perhaps other host 
ceUs might either stop 'proliferating or die, thus in- 
terrupting the process of vitreoretinal fibroplasia Fi- ^ 
broblasts produce a collagen matrix that could be im- 



portant for the development of NV. A prominent 
mululayered extracellular matrix has been associated 
with developing NV in a similar rabbit model Col- 
lagen IS also one striking feature of many preretinal 
tibrovascular membranes in severe proliferative dia- 
betic retinopathy.^** 

The cause of NV in this ribbit model is uncertain 
Therefore, its relevance to the proliferative retino- 
pathies in humans must be viewed with uncertainty 
However, the model does provide a reproducible 
form of NV that is localized conveniently and docu- 
mented and treated easUy. The development of NV 
w^ described in the rabbit eye using methylmetha- 
crylate vascular casts.^* The new vessels budded from 
retinal vems as early as 3 days after autotransplanta- 
tion of dennal fibroblasts. They grew into a fibrous 
Ussue matrix and. as early as 4_weeks, formed distal - 
-tortuosities and glomerular-hke structures. After 3 
months, there was an apparent reduction in the over- 
all number of new vessels. In a more recent study the 
ultrastructural features of rabbit NV were examined 
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at various stages of development and were found to 
resemble those seen in retinopathy of prematurity 
and proliferative diabetic retinopathy.'^ 

Effective treatments were developed that lower the 
risk of complications from proliferative retinopathy. 
In proliferative diabetic retinopathy, laser panretinal 
photocoagulation generally is indicated, but some- 
times it does not prevent progressive NV.^ Therefore 
PDT potentially is useful in these instances as an ad- 
junctive treatment One drawback of this approach is 
that PDT damages normal vessels and ^fV. It there- 
fore might be better suited for treating pe^pheral NV 
than proliferations in the posterior pole. Other photo- 
sensitizing agents have been identified (ie, hemato- 
porphyrin derivative and phthalocyanine dyes^) that 
may be selectively retained in certain tissues, particu- 
lariy in vascularized tumors. These agents also could 
be evaluated to determine if photothrombosis can be 
produced more selectively in NY. Another drawback 
of PDT is that occlusion of NV is not permanent, 
even after a second treatment. Pertiaps, a combina- 
tion of low-intensity laser (thermal) and photochemi- 
cal damage would extend the duration of vascular clo- 
sure. We currently are exploring these possibilities. 

In summary, dye-sensitized photothrombosis of 
preretinal NV was evaluated i|i a rabbit model. Two 
treatments, separated by an interval of 8 days, each 
completely occluded visible areas of NV. Reperfusion 
occurred generally finom days 3-7. The growth of NV 
was delayed by treatment, and the size of the NV tuft 
during the follow-up period was less than that of con- 
trols. 

Key words: photodynamic therapy, rose bengal, retina, neo- 
vascularization, singlet oxygen 
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Summary 

Angiogenesis, the formation of new blood vessels from an existing vasculature, is requisite for tumor growth. 
It entails intercellular coordination of endothelial and tumor cells through angiogenic growth factor signaling. 
Interruption of these events has implications in the suppression of tumor growth. PD 166285, a broad-spectrum 
receptor tyrosine kinase (RTK) inhibitor, and PD 173074, a selective FGFRiTK inhibitor, were evaluated for their 
anti-angiogenic activity and anti-tumor efficacy in combination with photodynamic therapy (PDT). To evaluate 
the anti-angiogenic and anti-tumor activities of these compounds, RTK assays, in vitro tumor cell growth and 
microcapillary formation assays, in vivo murine angiogenesis and anti-tumor efficacy studies utilizing RTK in- 
hibitors in combination with photodynamic therapy were performed. PD 166285 inhibited PDGFR-6-, EGFR-, 
and FGFRiTKs and c-src TK by 50% (IC50) at concentrations between 7-85nM. PD 173074 displayed selective 
inhibitory activity towards FGFRiTK at 26nM. PD173074 demonstrated (>100 fold) selective growth inhibit- 
ory action towards human umbilical vein endothelial cells compared with a panel of tumor cell lines. Both 
PD 166285 and PD 173074 (at lOnM) inhibited the formation of microcapillaries on Matrigel-coated plastic. In 
vivo anti-angiogenesis studies in mice revealed that oral administration (p.o.) of either PD166285 (1-25 mg/kg) or 
PD 173074 (25-100 mg/kg) generated dose dependent inhibition of angiogenesis. Against a murine mammary 16c 
tumor, significantly prolonged tumor regressions were achieved with daily p.o. doses of PD 166285 (5-10 mg/kg) 
or PD173074 (30-60 mg/kg) following PDT compared with PDT alone (p<0.001). Many long-term survivors 
were also noted in combination treatment groups. PD 166285 and PD 173074 displayed potent anti-angiogenic and 
anti-tumor activity and prolonged the duration of anti-tumor response to PDT. Interference in membrane signal 
transduction by inhibitors of specific RTKs (e.g. FGFRiTK) should result in new chemotherapeutic agents having 
the ability to limit tumor angiogenesis and regrowth following cytoreductive treatments such as PDT. 



Introduction 

Platelet-derived growth factor (PDGF), basic fibro- 
blast growth factor (bFGF), epidermal growth factor 
(EGF) and vascular endothelial growth factor (VEGF) 
represent potent, endogenous mitogens of physiolo- 



gic angiogenesis. Their receptors contain a cytoplas- 
mic tyrosine kinase that initiates signaling pathways 
affecting endothelial cell proliferation and differen- 
tiation [1,2]. The roles of these growth factors in 
coordinating blood vessel development are not clearly 
understood, but recent reports suggest that these 
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growth factors regulate, although differentially, de 
novo synthesis of blood vessels, vascular remodeling 
and tumor angiogenesis [3-5]. These factors stimulate 
angiogenic phenomena characterized by the prolifer- 
ation, migration and invasion of endothelial cells, fa- 
cilitating the formation of blood vessels [6-8]. PDGF 
signaling also appears to regulate the recruitment of 
support cells (smooth muscle cells/pericytes) to vas- 
cular beds [4,9]. Interruption of these angiogenic- 
associated growth factor receptor tyrosine kinases 
(RTK) and/or respective signal transduction pathways, 
therefore, is an appealing target for the development 
of inhibitors of tumor-mediated angiogenesis. It is 
in this context that we intend to utilize PD 166285 
and PD 173074 as inhibitors of angiogenic-associated 
growth factor RTKs and/or signaling pathways in- 
volved in tumor vascularization. 

The pyrido-[2,3-d]pyrimidine, PD166285, ini- 
tially was designed to inhibit the catalytic domain of 
PDGFR-B TK with the intent of inhibiting PDGF sig- 
naling and growth of tumor cells. However, PD 166285 
was subsequently found to be a potent but rather non- 
specific inhibitor of other RTKs [10,11]. PD166285 
inhibited PDGF-dependent C6 glioma and trans- 
formed NIH3T3/PDGF cell growth in a clonogenic 
assay at nanomolar concentrations [12]. Anti-tumor 
efficacy (73% reduction in tumor size) was also 
demonstrated in mice implanted with NIH/3T3/PDGF 
tumors following oral administration of PD 166285 
(20 mg/kg; q.d.xi4days) [12]. Another, more recently 
described pyrido-[2,3-d]pyrimidine, PD 173074, was 
rationally synthesized based on the crystal structure 
of bFGF-inhibitor complex, and not surprisingly, ex- 
hibited a high degree of complementarity with the 
tyrosine kinase domain of FGFRi TK domain [13,14]. 
FGFRiTK specificity and anti- angiogenic effects of 
PD 173074 on FGF-induced corneal neovasculariza- 
tion were also demonstrated [14]. 

In our current studies, we examined the pan- 
RTK inhibitor, PD 166285, as well as the selective 
FGFRiTK inhibitor, PD 173074, for their inhibitory 
effects on angiogenesis and tumor growth both in vitro 
and in vivo. More specifically, we set out to determ- 
ine whether long-term treatment with PD 166285 and 
PD 173074 given subsequent to photodynamic therapy 
(PDT) would greatly improve the duration or extent of 
anti-tumor efficacy afforded by PDT. 

PDT is a biphasic treatment consisting of systemic 
administration with a photoactivatable drug followed 
by the focal exposure of a light source at the appro- 
priate wavelength and power to a superficial tumor. 



It is apparent that activation of the photosensistizing 
drug produces singlet oxygen which causes oxidative 
damage to intracellular organelles [15-17]. Much of 
the evidence suggests the primary target of PDT is 
the vasculature of the tumor and its destruction inevit- 
ably leads to vascular thrombosis, edema and necrosis 
[18-20]. 

PDT is currently being evaluated in clinical trial 
for the treatment of various types of tumors. Most 
recently, PDT has gained approval in the U.S. for 
the treatment of early stage lung cancer. It is often 
a very effective and ciu^ative treatment for certain tu- 
mors. However, in many instances, the period of tumor 
regression following PDT is short-lived, even with re- 
peated treatments [21-22]. Many reports demonstrate 
that vascular damage is temporary. Recent studies 
show that reperfusion of tissue in experimental models 
of iris and retinal angiogenesis occurred a few days 
after PDT [23,24]. Since regeneration of the tumor 
vasculature is essential for the regrowth of the tumor, 
suppression of the angiogenic process is greatly war- 
ranted. In review of these findings, we felt that PDT 
offers an opportune circumstance for the additional 
of secondary therapy that inhibits neovascularization. 
Since tumor angiogenesis facilitating tumor regrowth 
could take place at any time after PDT, long-term treat- 
ment with anti-angiogenic agents would be necessary 
to ensure long-term tumor remissions. Therefore, due 
to the nature of this type of treatment, anti-angiogenic 
therapies must be relatively non- toxic to the host and 
not susceptible to drug resistance. In our studies, 
we evaluated PD 166285 and PD 173074 first as anti- 
angiogenic agents and secondly, in combination with 
PDT in a long-term, maintenance treatment setting. 



Methods 

Animals. Female C3H mice at least six weeks old 
were purchased from Clarence Reeder, NCI Fredrick 
Cancer Research Facility, Fredrick, MD. The mice 
were housed in the Cancer Cell Center at Roswell Park 
Cancer Institute and maintained by DLAR employees 
until needed for experimentation. 

Cell lines. Human umbilical vein endothelial cells 
(HUVEC) (Clonetics Inc., San Diego, CA) were main- 
tained in endothelial cell growth medium (Clonetics 
Inc., San Diego, CA) for 1-3 passages. In some 
growth inhibition experiments, HUVEC were also 
maintained in medium supplemented with 25ng/ml 




recombinant human bFGF (UBI, Lake Placid, NY) 
or 5ng/m! recombinant human VEGF (R&D Sys- 
tems, Minneapolis, MN). The human breast carcinoma 
cell lines, MDA435/LCC6 and its MDR transfectant 
first reported by Leonessa et al. [25], were kindly 
provided by Dr. R. Clarke (Lombardi Cancer Cen- 
ter, Georgetown University School of Medicine) and 
were propagated in RPM1-I640 (Life Technologies, 
Grand Island, NY) containing 5% PCS, 5% NuSerum 
IV, 20 mM HEPES, 2 mM L-glutamine. The hu- 
man fibrosarcoma, HT-1080 cell line and its DR4 
doxorubicin-selected resistant variant, previously de- 
scribed by Slovak et al. [26], were obtained from Dr. 
Y Rustum (Department of Pharmacology & Thera- 
peutics, Roswell Park Cancer Institute) and were 
grown in RPMI- 1640/10% FBS. All lines were grown 
as monolayers at 37° C in a 5% CO2 humidified 
atmosphere. 

Tumor models. Before tumor implantation, skin over 
the right shoulder and rib cage area of C3H mice was 
shaved and depilated with Nair. The murine manmiary 
16c tumor, a generous gift from Parke-Davis Pharma- 
ceutical Research, Ann Arbor, MI, was transplanted 
subcutaneously as a 2 mm-' fragment with a trocar 
needle, and tumor size was calculated using the for- 
mula V=(lxw^)0.4. Once the tumors reached a size 
of 1000 mm^, the mice were sacrificed by cervical 
dislocation. 

Receptor tyrosine kinase assays. Assays using the 
full length PDGFR-6-, FGFRi-, EGFR-, insulin-RTK 
and c-src TK were performed as previously described 
[10,27]. Briefly, the assay media for TK activity con- 
tained 25 mM HEPES buffer (pH 7.4), 150 mM 
NaCl, 10 mM MnCb, 0.1 mM sodium orthovanadate, 
750 /ig/ml of random co-polymer of glutamic acid 
and tyrosine (4:1), various concentrations of inhibitor 
and 60-75 ng of enzyme. The reaction (total volume, 
100 /aL) was initiated by the addition of [y-^^pj^-pp 
(50 fiM ATP containing 0.4 fiCi [^^P]ATP per incub- 
ation. Samples were incubated for 10 minutes at 25 °C 
and terminated by the addition of 30% trichloroacetic 
acid. Protein kinase C (PKC) activity was determined 
as previously described [28]. 

In vitro growth inhibition assay. PD 166285 and 
PD 173074 were synthesized at Parke-Davis Pharma- 
ceutical Laboratories, Ann Arbor, MI and their struc- 
tures are shown in Figure 1 . Assessment of the cellular 
growth inhibitory effects of PD166285 and PD173074 



PD 166285 




PD 173074 



Figure 7. The structures of PDl 66285 and PD 173074. 
PD 166285: 6-(2,6-dichIoro-phenyI)-2-[4-(2-diethylamino-ethoxy) 
- phenyl amino]- 8 -methy 1-8 H-pyrido[2,3-d]pyrimidin-7-one and PD 
173074: l-tert-butyl-3-{ 2-(4-dietylaniino-butylaniino)-6-(3,5-di- 
methox y- pheny l)-py rido[ 2, 3-d] py rimidin-7-y 1 } -urea. 

were assessed using the sulforhodamine B (SRB) as- 
say according to the methods of Skehan et al. [291, 
Briefly, exponentially growing cells were seeded on 
96-well microtiter plates and incubated at 37° C for 
15-18h to allow attachment of cells prior to drug addi- 
tion. PD 166285 and PD 173074 were initially solubil- 
ized in DMSO and diluted in RPMI- 1640 containing 
10 mM HEPES. All cell lines were exposed to 10 dif- 
ferent concentrations of drug (5 log range) for 24-72 h 
(2-4 doublings) at 37°C. Cell densities were determ- 
ined using the sulforhodamine B assay. Data were 
fit with the Sigmoid-Emax concentration-effect model 
[30] using nonlinear regression and weighted by the 
reciprocal of the square of the predicted response. 
The fitting software was developed at RPCI with Mi- 
crosoft FORTRAN, and uses Marquardt algorithm 
as adapted by Nash [[31] for nonlinear regression. 
The concentration of drug resulting in 50% growth 
inhibition (IC50) was estimated. 

In vitro microcapillary formation assay. The ef- 
fects of PDl 66285 and PDl 73074 on HUVEC mi- 
crocapillary formation were determined as previously 
described [32]. Reconstituted basement membrane. 
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Matrigel (Collaborative Biomedical Products, Frank- 
lin Lakes, NJ), was thawed at 4°C and added to 
24-well plates at 250 ^g/well and allowed to gel 
for Ih at 37°C. HUVEC were harvested, resuspen- 
ded at 1 x lO^cells/ml in complete growth medium 
and seeded on Matrigel-coated 24-wells plates at 
5x 10'*cells/well. PD166285 or PD173074 was added 
at non-growth inhibitory concentrations of 0.01, 0.03 
and O.IO /xM. Because a 24h incubation is used in 
this model system, IC50 values for a 24h incubation 
of PD166285 (0.40 fiM) and PD173074 (0.30 ^M) 
were determined using the SRB assay. As a posit- 
ive inhibitory control, suramin, an inhibitor of growth 
factor mitogenic activity and angiogenesis [33], was 
also added at nongrowth inhibitory concentrations of 
10, 30 and 100 fJiM (suramin; IC50 for 24h was > 
100/xM). Following a 24h incubation at 37°C, 200 fi\ 
(5 mg/ml) of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyltetrazolium bromide thiazolyl blue) (Sigma 
Chemicals Co., St. Louis, MO) was added to each 
well and incubated at 37°C for 3-4h to visualize vi- 
able cells. Microcapillaries were viewed using a Hght 
microscope and photographed with a Polaroid camera 
(Cambridge, MA). 



In vivo murine angiogenesis assay. In order to evalu- 
ate the inhibitory effects of PD 166285 and PD 173074 
on die formation of blood vessels in vivo, we em- 
ployed a murine angiogenesis assay to assess the 
growth of blood vessels into subcutaneously implanted 
Matrigel® [34]. Briefly, 8- week old, female athymic 
nude mice (Taconic Inc., Germantown, NY) were im- 
planted subcutaneously with 0.5 mg/0.5ml Matrigel 
that was supplemented with 1.25 /xg bFGF (Bio- 
source International Inc., Camarillo, CA) and 60 fig 
heparan sulfate (Sigma Chemicals Co., St. Louis, 
MO) and coimpregnated with either PD 166285 or 
PD173074 (10, 30 and lOOnM). In subsequent ex- 
periments, PD 166285 (1-25 mg/kg) or PD 173074 
(25-100 mg/kg) formulated in 50 mM sodium lactate 
was administered orally with a feeding needle once a 
day for 7 days. Positive and negative control groups 
containing bFGF/heparan sulfate or vehicle in Mat- 
rigel, were used for qualitative comparisons. After 7 
days, the Matrigel plugs were excised from mice, fixed 
in 10% formalin, embedded in paraffin, sectioned and 
stained with Masson's trichrome prior to histologic 
examination. Tissue sections were examined and pho- 
tographed with a 35 mm Nikon camera at 40 and lOOx 
magnifications. 



Anti-tumor efficacy of photodynamic therapy (PDT) 
in combination with anti-angiogenic agents. In or- 
der to assess the abiUty of anti-angiogenic agents 
to improve the diu'ation of anti-tumor response fol- 
lowing PDT, experiments utilizing a combination 
of PDT [35] and anti-angiogenic agents were per- 
formed. Mice were implanted with murine mammary 
16c tumor as described previously [35]. After 4-6 
days when tumors were approximately 50-100 mm-^, 
hexylether pyropheophorbide-a, a novel photosensit- 
izer with less long-term normal tissue phototoxicity 
than Photofrin ® [36], was formulated in sterile 
water/5 %dextrose/l%tween-80, and a 0.3 ^mol/kg 
dose was administered intravenously (i.v.). After 24hr, 
the tumors were exposed for 30 min to a light beam 
(1 cm treatment field diameter; dose rate 75mW/cm^) 
at a wavelength of 665 nm and light surface dose 
of 135J/cm^ from an argon-ion laser (Model 171, 
Spectra-Physics, Mt, View, CA), On the next day, 
PD166285 (5-10 mg/kg) or PD173074 (30-^0 mg/kg) 
were administered p.o. daily with a feeding needle 
for a period <28 days. To compare the efficacy of 
these RTK inhibitors to another anti-angiogenic agent, 
we employed suramin (40-80 mg/kg), a potent ant- 
agonist of heparan-binding growth factors. Suramin 
was administered intraperitoneally for a period of 9 
days following PDT. Tumor volumes were measured 
with calipers and mice were weighed continuously. 
Mice were sacrificed when tumors reached 1000 mm-^. 
Delays in tumor regrowth following PDT, time to 
reach 1000 mm^ and numbers of long-term survivors 
(complete tumor remission >30 control tumor volume 
doubling time in days) were assessed and considered 
in the evaluation of anti-tumor efficacy. 

Histology. The histology service laboratory at RPCI 
in the Grace Cancer Drug Center performed all tissues 
prepared for histological analysis. 



Results 

The objective of this study was to evaluate the effects 
of a potent, broadly active RTK inhibitor, PD 166285 
and a highly selective FGFRiTK inhibitor, PD 173074, 
on endothelial cell growth, microcapillary formation 
in vitro and in vivo, and tumor regrowth following 
PDT. The ability of these compounds to inhibit RTKs 
such as the receptors for PDGF, EGF, and specific- 
ally, bFGF provided the rationale for assessing their 
anti-angiogenic potential. 
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Table 1. Effects of PD 166285 and PD 173074 on kinase activity*' 

Compound PDGFR-6TK FGFRiTK C-SRC TK EGFRTK Insulin-RTK PKC 

1C5o(mM) ICsoOaM) IC5o(mM) IC50 (mM) IC50 QaM) IC50 (mM) 

PD 166285 0.085± 0.019 0.038 ± 0.009 0.007 ± 0.005 0.035 >50 22.7 

PD 173074 15.5 ± 2.7 0.026 ± 0.004 20.3 ± 4.5 >40 >50 >40 



"Kinase activity was measured as previously described [10,1 1,16]. IC50 values represent the concentration of compound that inhibited enzyme 
activity by 50% and are the mean of 3 or more experiments performed in triplicate ± SD. IC50 values without indicated SD are the mean of 2 
experiments performed in duplicate. 



Table 2. Effects of PD 166285 and PD 173074 on cell growth*' 







IC50 (mM) 


± 


S.E.'' 




Compound 


HUVEC 


LCC6-WT 


LCC6-MDR 


HT-1080 


HT-1080/DR4 


PD 166285 


0.12 ±0.004 


0.14 ±0.002 


0.14 ±0.002 


0.28 ± 0.01 


0.28 ±0.01 


PDl 73074 


0.06 ± 0.008 


11 ±ai6 


12 ±0.106.4 ±0.13 


6.8 ± 0.55 





''Human cell lines: HUVEC - human umbilical vein endothelial cells; Human breast, MDA-435 LCC6-WT and MDRl transfected carcinoma 
cell lines; Human fibrosarcoma HT-1080 and HT-1080-DR4 (doxorubicin-selected, MRP positive) cell lines. 

^'Exposure time equals 100 h for HUVEC and HT-1080/DR4 (-3.5 cell doublings) and 72 h for LCC6-WT, LCC6-MDR and HT-1080 (-3.3 
cell doublings). All assays contained six replicate wells and were performed on at least three separate occasions. Mean and standard deviation 
are given. 



To verify RTK specificity of PDl 66285 and 
PDl 73074 that has already been established, we 
performed RTK assays as previously described 
[10,13,14,27]. PD166285 potently inhibited several 
tyrosine kinases including c-src, FGFRi, PDGFR-6 
and EGFR with IC50 values as low as 7nM (Table 1). 
PD 166285 had no effect on PKC activity at concen- 
trations as high as 40 fiM and also has no effect on 
insulin RTK at concentrations as high as 50 fiM, In 
contrast, PD 173074 displayed an almost 1000-fold se- 
lective inhibition toward FGFRiTK, with an IC50 of 
26nM, whereas against other tyrosine kinases or PKC, 
the IC50 values were 15 fiM or greater (Table 1). 

Effects of PD166285 and PD173074 on the growth 
of human endothelial and tumor cell Unes were eval- 
uated to assess cell selectivity. Tumor cell variants 
possessing multi-drug resistant phenotypes were also 
included in the panel of cell types to assess the 
potential for anti-tumor drug resistance. PD 166285 
did not show any differential growth inhibitory ef- 
fects between HUVEC (IC5o;0.12 fiM) and several 
tumor cell Unes (IC5o;0. 10-0.28 /xM) (Table 2). How- 
ever, PD 173074 was 100-200 fold more selective in 
inhibiting HUVEC growth (IC5o;0.06 ^M) as com- 
pared with the growth of various tumor cell lines 
(IC5o;6.4-12.1 fiM) (Table 2). PD 173074 was also 
about two- fold more active in its growth inhibitory 



action on HUVEC (IC5o;0.06 fxM) compared with 
PD166285 (IC5o;0.12 ^M) (Table 2). In addition, the 
LCC6-MDR and HT-1080 DR4 drug resistant Unes 
overexpressing drug efflux pumps, P-glycoprotein 
and multidrug related protein (MRP), respectively, 
did not display any cross-resistance to PDl 66285 or 
PD173074. 

Inhibition of HUVEC growth by PDl 66285 and 
PDl 73 074 was further examined in which we per- 
formed growth inhibitory studies on HUVEC grown 
in the presence of either bFGF or VEGF. Manipu- 
lating HUVEC growth medium in this manner cre- 
ated a circumstance in which HUVEC growth was 
stimulated exclusively by either bFGF or VEGF. 
PD166285 or PD173074 treatment under diese condi- 
tions helped clarify RTK target specificity. As noted 
by the data, it appeared that PD 173074 specific- 
ally inhibited the growth of bFGF-stimulated HUVEC 
growth (IC5o;0.007 fiM) and was less active against 
VEGF-stimulated HUVEC growth (IC5o;0.194 /x,M) 
(Table 3). PD166285, on the other hand, inhibited 
both bFGF and VEGF-stimulated HUVEC equally 
(IC5o;0.028 and 0.037 /xM, respectively) (Table 3). 
These data suggest that PDl 73074 more specifically 
inhibited bFGF-related RTK in comparison to VEGF- 
related RTK, while PDl 66285 appeared to equally 
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Table 3. Effects of PD 166285 and PD 173074 on HUVEC growth'' 





IC50 {fiMf 




Compound 


bFGF-supplementation 


VEGF-suppIementation 


PD 166285 


0.028 


0.037 


PD 173074 


0.007 


0.194 



''HUVEC were grown for 4 days in the presence or absence of 
ihe indicated compound in HUVEC-conditioned media containing 
either 5 ng/ml VEGF or 25 ng/ml bFGF. 

''IC50 values are the concentration that inhibits 50% of the stimu- 
lated growth by either bFGF or VEGF and are the mean of 3 or more 
experiments performed in triplicate. 



interrupt both bFGF- and VEGF-related RTKs asso- 
ciated with HUVEC growth. 

Based on the cellular growth inhibitory proper- 
ties of PD 166285 (IC5o;0.40 /zM) and PD 173074 
(IC5o;0.30 fiM) over a 24hr incubation (data not 
shown), we employed low, non-growth inhibitory 
concentrations in evaluating their effects on angiogen- 
esis, in vitro. This treatment approach allowed for an 
assessment of these agents* specific anti-angiogenic 
properties irrespective of growth cessation. Using an 
in vitro niicrocapillary formation assay, we assessed 
the ability of these compounds to inhibit the formation 
of a capillary network produced by HUVEC grown 
on a reconstituted basement membrane, Matrigel®, 
IIUVEC capillary network formation was inhibited at 
concentrations as low as 0.01 by both agents, with 
PD 166285 being slightly more potent at high concen- 
irations (See Figure 2). Suramin, used for comparison, 
also inhibited HUVEC capillary formation but at a 
1 000- fold higher concentration (Figure 2). 

Effects of PD 166285 and PD 173074 on the de- 
velopment of new blood vessels/neo vascularization, 
in vivo, were investigated using a murine angiogen- 
esis model [34]. This model utilizes a subcutaneous 
implant of reconstituted basement membrane (Matri- 
gel) impregnated with bFGF/heparan sulfate, which 
forms a solid, gelatinous plug capable of provid- 
ing an appropriate extracellular/stromal environment 
for the development of functional vasculature. Al- 
though not well defined, Matrigel is derived from the 
stromal component of the Engelbreth-Holm- Swarm 
(EHS) murine sarcoma and relevant for studies fo- 
cused on tumor angiogenesis [37]. The most com- 
mon components of Matrigel include laminin, heparan 
sulfate proteoglycans and collagens along with growth 
factors, which facihtate the acquisition of invasive 



and migratory properties of endothelial cells and other 
cells of mesenchymal origin. 

In our initial studies in mice, we added the same 
concentrations of PD 1 66285 and PD 1 73074 to the im- 
planted Matrigel plugs that were effective in the in 
vitro microcapillary formation assay. Angiogenesis, in 
this model system, is characterized by the migration 
of blood vessels into the bFGF/heparan- impregnated, 
s.c. implanted Matrigel plug. Histological examina- 
tion of Matrigel plug sections revealed the presence 
of bright red stained cells (erythrocytes, endothehal, 
fibroblast and smooth muscle cells) and red circular 
structures (blood vessels/capillaries) against a bluish- 
green stained Matrigel background which varied from 
batch to batch (Figure 3, Panel G, lOOx). This positive 
angiogenic state was compared with Matrigel plugs 
lacking bFGF/heparan which did not show any influx 
of capillaries within the entire area of the section (Fig- 
ure 3, Panels A, 40x; andD, lOOx). WhenPD166285 
or PD 173074 were coimpregnated into the Matri- 
gel, a concentration-dependent inhibition of angiogen- 
esis was observed (Figure 3). PD 166285 appeared to 
be more potent, partially inhibiting angiogenesis at 
0.01 fiM (Figure 3, Panel B) and completely inhibiting 
capillary formation at higher concentrations (Panels E 
and H). PD 173074, on the other hand, did not demon- 
strate any inhibitory activity at 0.01 ^M; however, at 
higher concentrations, it worked as well as PD 166285 
(Panels F and I). 

Since PD 166285 and PD 173074 were found to 
be orally bioavailable, they were administered in a 
50 mM sodium lactate formulation to assess the abil- 
ity of these agents to inhibit angiogenesis . within 
a bFGF/heparan impregnated Matrigel plug. These 
agents were administered p.o. daily for seven days. 
No acute or cumulative drug toxicity as indicated by 
mouse weight was noticed during the duration of the 
experiments using PD 166285 at 1 and 5 mg/kg/d x 7 
or PD173074 at 25 and 50 mg/kg/d x 7. Represent- 
ative micrographs of Matrigel sections of PD 166285 - 
and PD 173074- treated mice demonstrated a dose- 
dependent anti-angiogenic effect (Figure 4; Panels 
B, E and H and panels C, F and 1, respectively). 
PD 166285 was more active (maximal inhibition of an- 
giogenesis was noted at 5 mg/kg) (Figure 4; Panel 
E) than PD173074, reflecting its ability to inhibit 
several RTKs and interrelated angiogenesis signaling 
pathways. 

To assess the anti-tumor efficacy of these potent 
anti-angiogenic agents in mice, we utilized them in 
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Figure 2. Microcapillary formation assay. Effects of PD 166285 and PD 173074 on the formation of microcapillaries by HUVEC grown on 
Ma*rigeI-coated plastic for 24h were evaluated. Please note that the IC50 values for a 24h incubation with PD 166285 aiid PD 173074 were 
0.40 (mM and 0.30 fxM, respectively (data not shown), with inhibition to HUVEC growth observed at the highest concentrations (0.1. fiM) 
tested for 21h «n this assay. Microcapillary networks were observed after staining HUVEC with MTT. In Panel A, a representative culture of 
HUVEC grown on Matrigel ff>r 24h: ncte the extensive formation of a microcapillary network (40 x). Panel B - no Matrigel (lOOx). Panels C, 
F and 1 represent HUVEC exposed to 10, 30, and 100 txM Suramin, respectively (40 x). Note the disappearance of the microcapillary netwoik 
following the addition of either 30 or 100 /aM Suramin. Panels D, G and J represent 0.01, 0.03 and 0.10 /laM PD 1 66285 (40 x), while Panels 
E, H and K illustrate 0.01, 0.03 and 0.10 fiM PD 173074 (40 x). Note the concentration-dependent, inhibiuon of capillary network formation 
in the PD 166285 and PD 173074 groups. All experiments were performed in triplicate on three separate occasions. Magnification bar^; Pacel 
D=120 um and Panels A, C-K=300 ^m. 



an adjuvant setting given subsequent to cytoablative 
ti'eatment, photodynamic therapy (PDT). 

All mice were implanted subcutaneously with a 
murine mammary 16c tumor and treated with PDT 
and/or PD166285 and PD173074 as described in the 
Materials and Methods. Mice treated with PDT alone 
or suramin (40 or 80 mg/kg) showed no significant 
increase in tumor growth delay when compared with 
the control untreated group (Table 4). However, com- 
bining PDT (0.3 mg/kg,HPPH; 665 nm; BSJ/cm^ for 
30 min) and follow-up treatment for 14 days with 
?D 166285 (10 mg/kg) or PD 173074 (30 or 60 mg/kg) 
displayed a dramatic increase in tumor-free interval 
(Figure 5). In addition, most animals treated with PDT 
in combination PD166285 (10 mg/kg) and PD173074 
(30 mg/kg) for 28 days displayed even greater tu- 
mor growth delays (Figure 5). As outlined in Table 4, 



median times for tumors to reach 1000 nmr in the 
PDT combined with PD 166285 or PD 173074, or 
PD 166285 or PD173074 alone groups were prolonged 
when compared with the PDT alone group. Tumor 
growth delays in PDT combined with PD 166285 or 
PD173074, or PDI66285 or PD173074 alone groups 
were statistically greater than PDT treatment alone 
groups (>13 days, p< 0.001, Cox-Mantel Test). In- 
terestingly, only mice from the combination treatment 
groups exhibited cures, but the length of follow-up 
treatment with either PD166285 or PD173074 from 
14 to 28 days did not significantly improve the cure 
rate. In most cases, tumors began to regrow about 
a week after withdrawal from both 14- and 28-day 
treatment periods strongly suggesting the need to em- 
ploy maintenance-type treatments with these types of 
agents. 
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Figure .?. In vivo murine angiogenesis assay. PD 166285 and PD 173074 were evaluated for their ability to inhibit murine angiogenesis i:i l 
s ubcu^aneously implanted Marigel plug. Matrigel plugs (0.5 mg/0.5ml/plug) were supplemented with 1 .25 /[ig bFOF/60 iig heparm-sulfaie, 
and in some ca.ses coimprcgnated with PD 166283 or PD 173074, and implanted subcutaneously into athymic nude mice. Matrigel plugs were, 
resected after 7 days, embedded in paraffin, sectioned and stained with Masson's trichrome. Representative micrographs of duplicaies from 
control and treated groups are illustrated. Matrigel without bFGF/heparan sulfate. Panels A (40 x) and D (lOOx); Matrigel coimpregnated rvith 
bFGF/heparan sulfate, Panel G (lOOx). Note the large influx of endothelial/mesenchymal cells and the formaiioii of numerous Llood vessels; 
Drtig treatment groups, Paneh B, E and H- 0.01, 0.03 and 0.10 ^M PD166285 (lOOx), Panels C, F and I -0.01, 0.03 di;d 0.10 mM PD17?07i 
(!00x). Note the suppression of angiogenesis in dmg-treited groups. Magnification bars: Panel A=250 /xm and Panels B-f=100 /im. 



In addition to the efficacy generated in these com- 
bination treatment studies, we also observed some 
side effects unrelated to weight loss associated with 
PD 1 66285 treatment. Because PDT created an abs- 
cess over 16c tumors, wound heating following PDT 
was an active process. However, wound healing in 
the presence of PD166285 (5-10 mg/kg q.d. < 28 
days) was abnormal; a hyperplasia emerged in the area 
of the abscess. Histologic analysis of the skin lesion 
revealed that it was hyperkeratosis (Figure 6B). Fol- 
lowing withdrawal of PD 166285 treatment, the lesions 
disappeared. Also, 20% of the mice that were treated 
with PD 166285 for 28 days experienced neurotoxicity 
that resulted in their demise unrelated to tumor bur- 
den. PD 173074 treatment, contrary to the side effects 



observed with PD 166285 treatment, did not manifest 
any noticeable toxicities. 



Discussion 

There is overwhehning evidence suggesting that an- 
giogenesis, the process by which new blood vessels 
are formed from preexisting vessels, occurs con- 
current with tumor growth and progression [38,j9J. 
Angiogenesis that occurs within tumors is often char- 
acterized by proliferation, invasion and migration of 
neighboring endothelial cells and other blood vessel- 
related cells including smooth muscle cells (pericytes) 
requisite for blood vessel generation and mainten- 
ance. Chemotactic signaling involved in this phe- 
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Figure 4. In vivo drug administration and murine angiogenesis assay. Orally administered PD 166285 and PD 173074 were evaluated for the 
ability to inhibit muiine angiogenesis in a subcutaneously implanted Matrigel plug. Matrigel plugs (0.5 mg.'0. 5 ml/plug) were supplemented 
with 1.25 ^g bFGF/60 fig heparan sulfate and implanted subcutaneously into athymic nude mice. Mice were administered PD 166285 or 
PD 173074 foraiulated in 50 mM sodium lactate* p.o., once a day for 7 days. Matrigel plugs were resected after 7 days, embeaded in paraffin, 
sectioned and stained with Masson's trichrome. Representative micrographs of duplicates from control and dmg -treated animal groups ai^e as 
follows: Matrigel plug with bFGF/heparan sulfate, Panels A (40 x) and D (lOOx), and without bFGF/heparan sulfate. Panel G (lOOx). Drug 
treatment groups all containing bFORTieparan sulfate. Panels B, E and H - I, 5 and 25 mg/kg PD 1 66285 (lOOx) and Panels C, F and I - 25, 
50 and 100 mg/kg PD 173074 (lOOx). Note the extent of angiogenesis in the positive control (Panel D) as evidenced by cellularity and extent 
of capillary formation, as well as anti -angiogenic efficacy of dmg treatment [PD 1 66285 (Panels B, E and H) and PD 173074 (Panels C, F, and i- 
I)J. Magnification bars: Panel A=:250 /xm and Panels B-I= 100 ^m. 



nomenon is controlled by paracrine growth factors, 
which interact with specific ligand binding domains 
of transmembrane receptor tyrosine kinases (RTK). 
This interaction modulates tyrosine kinase activities 
that ultimately mediate the induction of vascular cell 
proliferation and differentiation. Some recent obser- 
vations from studies using transgenic mice lacking 
specific RTKs such as vasculai" endotheUal growth 
factor receptors VEGre-1/2, platelet-derived growth 
factor receptors PDGFR-of/B and fibroblast growth 
factor receptor FGFRi suggest that these receptois 
are essential for vasculogenesis, normal vascular de- 
velopment and mesodermal patterning, respectively 
[40-44]. The ability of activated RTKs to elicit an- 



giogenesis, therefore, offers an opportune target for 
exploitation using inhibitors of RTKs with potential 
anti-angiogenic and anti-tumor implications. 

In this study, we demonstrated the ability of 
PD 166285 to equally inhibit a panel of TKs and 
PD173074 to selectively inhibit FGFRiTK. To date, 
efforts have been made to synthesize and evaluate 
compounds with RTK inhibitory acdvity as potential 
anti -tumor agents [45-47]. The use of these com- 
pounds as anti-angiogenic agents, however, is in its 
infancy. Our studies demonstrated the efficacy of 
PD 166285 and PD 173074 as anti-angiogenic agents 
in preclinical murine models (Table 5). These data 
included the demonstration of dose-dependent sup- 
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Figure 5. Anti -tumor activity of PDT in combination with HD 1 66285 or PD 173074 against a murine mammary 16c tumor. Pleas :j refer to the 
l;;gend Tor symbols corresponding to the growth of the tumor over time. Note the point at which the PDT treatment was initiated, arid following 
com utete regression, the regrowth of the tumors shortly after withdrawal of the dmg. PD 166285 and PD 173074 treatmer t commenced following 
P'3'r and wa<! continued q.d. for 14 or 28 days. 



piession of angiogenesis and a 1000-fold increase 
:n MUVEC sensitivity to the agents compared with 
suramin, a well-characterized anti-angiogenic agent. 
Furthermore, the lack of apparent host toxicity as- 
sociated with systemic treatment of these agents at 
efficacious doses implied the beneficial use of these 
agents as cytostatic adjuvants to conventional treat- 
ment modalities [48,49]. Because tumor growth, meta- 
vsiasis and recoirence following cytoreductive ther- 
apies may be dependent on angiogenesis, follow- 
up treatment with angiogenesis inhibitors such as 
PD166285 and/or PD173074 may need to be long- 
*erm, in a maintenance- type setting [50-52]. However, 
lecent studies in mice with the potent angiogenic in- 
hibitor, endostatin, have demonstrated that after serial 
tteatment regimens, tumors completely regressed with 



no appaient tumor regrowth or acquired resistance 
[53]. 

The cancer treatment paradigm that we put forth 
employed a combination of photodynamic therapy 
(PDT) followed by anti-angiogenic therapy [35). Cur- 
rently, PDT, which results in the destruction of the 
tumor vasculature, is being evaluated in a clinical set- 
ting [54]. It has been shown to be effective against 
local recurrent breast tumors [55,56] and malignant, 
tumors of the skin [57], esophagus [58], bladder [59] 
and bronchus [60,61]. Duration of response to PDT, 
although, is often short-lived due to the rapid regrowth 
of the tumor. Early evidence from our laboratory 
showed that paclitaxel or suramin at anti-angiogenic 
doses, when given in combination with PDT against 
human breast tumor xenografts in nude mice, res- 



Table 4. Ami-tumor efficacy of PDT in combination with PD 166285 or PD 173074 against a murine nummary 16c tumor* 
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Treatment Dosage" Median tumor growth* Long-term 

(mg/kg) & growth delay survivors*^ 

following PDT (days) 



Conuol 


_ 


17 


-10 


0/21 


PD 166285 alone 


10 


39 


13** 


0/6 


PD 173074 alone 


60 


44 


18** 


0/6 


Suramin alone 


40 


18 


0 


0/6 


Suramin alone 


80 


25 


-1 


0/6 


PDT alone 




26 




0/19 


PDT+Sunmiin 


40 


26 


0 


on 


PDT+Suramin 


80 


30 


4 


0/7 


PDT+PD 166285 


10 


41 


15** 


2/7 


PDT+PD 166285 


10^ 


43 


17** 


1/8*** 


PDT+PD 173074 


60 


40 


14** 


1/8 


PDT+PD173074 


30^ 


53 


27** 


1/8 



"POT consisted of an i.v. dose of 0.3 mg/kg HPPH; and after 24hr, tumors were exposed to a focal light beam (665 nm, 135J/cm^) for 30 min. 
?D 166285 (10 mg/kgyPD 173074 (60 mg/kg) and suramin were administered orally in a 50 mM Na''"Lactate solution for 14 days and 9 days, 
respectively, following PDT. 

''Time required for median tumor to reach 1000 mm^ and growth delay following PDT. 
*^Mice showed no detectable tumor for >30x control tumor doubling time (3 days). 
^' PD 166285 (10 mg/kg) and PD 173074 (30 mg/kg) were administered orally for 28 days following PDT. 
*Data taken from two separate experiments. 
"•Comparison with PDT alone group (Cox-Mantel test); p < 0.001. 
*"^Two n?ic2 exhibited neurotoxicity, and although showed.no detectable tumor, were not includfxl in statistical comparisons. 



*}\yr:d in increased tumor growth delay with a large 
;'crct niage of the niice remaining tumor free [35). 

In our recent studies, initial ablation of mur- 
I» i mammary 16c tumors with PDT and subsequent 
-r.ii-angiogenic treatment consisting of well-tolerated 
vicses of PD166285 and PD 173074 suppressed tumor 
v'jgrowth and lengthened the time of complete tumor 
vemisston. Remarkably, use of these RTK inhibitors in 
combination with PDT also generated long-term sur- 
vivors in 17% of the mice. Interestingly, cessation of 
PD166285 or PD173074 treatment after 14 days res- 
utteti in almost immediate tumor regrowth reinforcing 
o?ir idea that these cytostatic anti-angiogenic therapies 
need to be administered long-term, or even life-long, 
to control tumor regrowth (Figure 5). Likewise, in 
those iiiice that received drug treatment for 28 days 
;V;llowing PDT, treatment with PD 173074 (30 mg/kg) 
Of PD 166285 (10 mg/kg) sustained complete tumor re- 
gression in the presence of the drug until shortly after 
withdrawal of drug. 

In general, murine mammary 16c tumor was sens- 
itive to RTK inhibitor treatment as noted by tumor 
regression and maintenance of complete regression 
fOilpAing PDT in the presence of PD 166285 or 



PD 173074 alone (Figuie 5). In vivo sensitivity of thi s 
tumor to PD 1 66285 or PD 173074 treatment may have 
been due to effects on mammary 16c tumor-associated 
endothelial cells and not due to inherent sensitivity 
of the tumor cell itself. Levels of specific angiogenic 
growth factors released either directly by this tumor or 
indirectly via tumor-secreted proteases may help exl- 
plain for its sensitivity. Since we could not generate 
maraLmary 16c cultures in vitro^ we could not assess 
a direct effect of PD 166285 or PD 173074 on mam- 
mary 16c tumor cell growth. However, weaker growth 
inhibitory effects by PD 173074 on human breast can- 
cer and fibrosarcoma (Table 2; IC5o=ll fiM and 6.4, 
respectively) compared with higher potency against 
endothelial cells (Table 2; IC5o=0.06 fjM) suggested 
that anti -tumor activity of RTK inhibitors was due to 
an anti- vascular response. In any event, the efficacy 
of RTKI administration, whether due to its anti an- 
giogenic activity and direct antitumor activity, appear 
to be additive to the therapeutic benefit of PDT. 

To demonstrate that anti-angiogenesis resulted in 
anti -tumor efficacy, we attempted to assess blood 
vessel density in tumors from control and combin- 
ation treated mice by detecting endothe Hair specific 



Figure 6. Hematoxylin and eosin (H and E) stained sections of normal skin and hyperkeratosis. Normal skin (Panel A) and a lesion caused by 
PD 166285 treatment (Panel B) in the wound left by PDT were resected, fixed in 10% Formalin, embedded in paraffin, sectioned and stained 
with H and E. Note the thickening of the epithelial layer (prrow) in Panel B in comparison to Panel A and hyperkeratin (arrowhead) in Panel B. 
Magnification bar = 200 ^tm. 



molecules, CD31 and CD34, to help identify micro- 
and macrocapil lanes. Unfortunately, we could not de- 
tect murine CD31 or CD34 in mammary 16c tumors, 
but observed their presence in peri-tumor tissue (data 
not shown). If we lecall, those mice bearing mam- 
mary 16c tumors that exhibited complete regressions 
to RTK inhibitor treatment did not possess a tumor. 
Thus, tumor tissue was not available for histologic ex- 
amination. This circumstance did not allow for a blood 
vessel density comparison between tumors from con- 



trol and drug treated mice. Those tumors that relapsed 
following PD 166285 or PD 173074 treatment termina- 
tion grew to the same size at a similar rate as control 
tumors. The above evidence strongly suggested that an 
anti-angiogenic effect rather than a direct anti-tumor 
effect was responsible for anti-tumor efficacy. 

Due to the abscess (~ 1 cm^) caused by the focal 
exposure to the light source after this second phase 
of PDT, we conceived that the healing of this wound, 
which is dependent on angiogenesis, would be inter- 
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Table 5. Summary of the inhibitory effects of PD 166285 and 
PD 173074 on in vitm and in vivo angiogenesis" 



in vitro micro- in vivo murine 
capillary angiogenesis assay 

Compound formation assay Coimpregnated Oral treatment 



(MM) 






(mg/kg/d)^ 


Suramin 








10 




n/d* 


n/d 


30 


+ 


n/d 


n/d 


100 


•H-f 


n/d 


n/d 


PD166285 








0.01 


+ 


+ 




0.03 




+++ 


+++(5) 


0.10 


+++ 


+-H- 


4++ {25) 


PD173074 








0.01 






+ (25) 


0.03 




-H- 


++(50) 


0.10 


++ 


+++ . 


+f+(100) 



^The extent of inhibition of microcapillaiy formation by HUVEC 
grown on Matrigel-coated plastic was scored on replicate plates in 
double-blind manner and designated as follows: none (-), slight (+), 
moderate (++) or strong (+++) inhibition. The degree of in vivo 
murine angiogenesis within Matrigel plugs was scored in a similar 
manner. 

*p/dnot determiiied 
p.o. dii^y X 7. ■ ■ . . ; 



rapted during follow-up treatment with PD 166285 or 
PD173074. In the case of PD 166285 treatment, the 
healing process seenried to be active but a hyperplastic 
iesion over the surface of the wound had developed 
that was characterized by hematoxylin and eosin stain- 
ing as a hyperkeratotic state (Figure 6B). This keratin- 
ized hyperplastic lesion did not contain hair foUicles 
and remained present until shortly after PD 166285 
treatment. Furthermore, 2 out of 10 mice treated for 28 
days with PD 166285 (10 mg/kg) developed unilateral 
paralysis suggestive of neurotoxicity. PD 173074 treat- 
ment, on the other hand, did not affect wound healing 
nor cause any adverse side effects at therapeutic doses. 

In conclusion, PD166285 and PD173074 dis- 
played potent an ti -angiogenic and anti-tumor activity 
in combination with PDT. Our findings demonstrated 
that these agents are capable of inhibiting angiogenic- 
associated receptor tyrosine kinases and angiogen- 
esis. Oral bioavailability and well-tolerable doses of 
these RTK inhibitors allowed for their use as cyto- 
static adjuvants when administered in combination 
with cytoreductive therapy, PDT. It appeared that the 



specific RTK inhibitor, PD 173074, was better than the 
more broadly active inhibitor, PD 166285, in terms of 
therapeutic index and overall anti -tumor efficacy. Fur- 
thermore, tumor cell sensitivity and responsiveness to 
RTK inhibitors as well as dependence on vascular- 
ization will most Hkely impinge on the effectiveness 
of RTK inhibitor treatment. Ongoing precUnical test- 
ing of these agents in other treatment paradigms and 
model systems will provide the rationale and further 
bases for the development of these agents to clinical 
trial. 
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Phthalocyanine Photodynamic 
Therapy of Experimental Iris 
Neovascularization 
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Abstract: Photodynamic therapy using chloroalunninunn sulfonated phthalo- 
cyanine (CASPc) effectively closed experimental iris neovascularization Induced 
in 6 eyes of cynomolgus monkeys by argon laser retinal vein occlusion. Neo- 
vascularization was followed by iris photography, fluorescein angiography, and 
histopathologic examination by light and electron microscopy. Intravenous in- 
jection of CASPc followed by irradiation with 675 nm light damaged endothelial 
cells and pericytes, leading to exposure of the basal lamina and thrombotic 
occlusion of the blood vessels. Surrounding tissue appeared preserved without 
evidence of thermal damage. Resorption of occluded vessels by macrophages 
began 2 to 3 days after photodynamic therapy. Neovascularization reappeared 
7 days after photodynamic therapy, probably representing growth of new ves- 
sels. Photodynamic therapy with CASPc may be a useful adjunct in the treatment 
of iris neovascularization. The model is useful in elucidating the ultrastructural 
changes obsen/ed after photodynamic therapy using phthalocyanines. 
Ophthalmology 1991; 98:1711-1719 



Iris neovascularization is a serious complicalion of 
ocular ischemia. It is associated with many ocular disor- 
ders including central vein occlusion, diabetic retinopathy, 
choroidal melanoma, carotid occlusive disease, and long- 
standing retinal detachment.* The pathogenesis of iris 
neovascularization remains unclear but is believed to in- 
volve the release of factors from ischemic retina or tumors, 
which stimulate new vessel growth in the iris.^*^ Iris neo- 
vascularization is currently treated by panretinal photo- 
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coagulation or peripheral retinal cryopexy, which may 
act by altering the balance of angiogenic stimulators and 
inhibitors.* Retinal ablation eventually causes regression 
of iris vessels in 80% of eyes with rubeosis,^-^ However, 
in some cases, neovascularization of the angle may pro- 
gress to angle closure and intractable glaucoma before 
retinal ablation can take effect.' Simmons et al' proposed 
a technique of atigon laser goniophotocoagulation to close 
new iris vessels thermally and stabilize the angle until 
retinal ablation takes effect. Goniophotocoagulation re- 
quires precise application of laser to individual vessels, 
necessitating a clear view of the angle and a cooperative 
patient. A better therapy for iris neovascularization would 
allow selective closure of iris vessels through hazy media, 
without damage to surrounding tissue. Photodynamic 
therapy has these theoretical advantages. 

Photodynamic therapy is a developing treatment mo- 
dality that relies on photochemical effects produced in 
photosensitized tissues exposed to low-intensity light. A 
photosensitizing dye is injected intravenously, and the 
targeted tissue is then irradiated at the absorbance max- 
imum of the dye. The activated dye in its triplet state 
interacts with oxygen and other compounds to fonn re- 
active intermediates such as singlet oxygen, which can 
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then cause disruption of cellular structures. Cellular 
taigels that have been proposed as the site of action include 
the cell membrane, mitochondria, lysosomes, and the nu- 
cleus.'*'^ The photosensitizing dyes are preferentially re- 
tained in tumors and neovascular tissue, which can then 
be selectively targeted.'-'^ 

Photodynamic therapy has been demonstrated to cause 
photoinactivation of cell lines in vitro. It also has 
been shown to be effective in vivo against a variety of 
transplantable tumors, including ocular Greene mela- 
noma/* fibrosarcoma, reticulum cell sarcoma, and co- . 
lorectal carcinoma.'^ These studies have been extended 
into clinical trials, where photodynamic therapy has been 
used to treat patients with malignant melanoma, squa- 
mous cell carcinoma, bladder transitional cell carcinoma, 
esophageal carcinoma, and gynecological malignancies.'* 

Tumor studies have suggested two mechanisms for the 
photodynamic therapy effect: a direct cytotoxic effect on 
tumor cells and vascular occlusion within the tu- 
yjjQjP 11.16.18-20 -pi^g observation that photodynamic therapy 
induces vascular occlusion has led investigators to use it 
to close vessels in non-neoplastic diseases. Rose bengal 
has been used as a photosensitizer to occlude preretinal 
vessels in the healthy rabbit^' and to occlude experimental 
corneal neovascularization." Packer et al^"* used hema- 
toporphyrin derivative to close experimental iris neovas- 
cularization. Kliman et al used phthalocyanines to effec- 
tively close choroidal neovascularization in a nonhuman 
primate model (unpublished data). 

Most studies in vivo, and treatment studies in patients 
have used hematoporphyrin derivative as the photosen- 
sitizer. However, it is not an ideal photosensitizer for many 
reasons. Hematoporphyrin derivative is not a pure com- 
pound but a mixture of porphyrins. The porphyrins ab- 
sorb poorly at longer wavelengths (beyond 600 nm) where 
penetration through tissue, pigment, and blood is optimal. 
Hematoporphyrin derivative is retained in skin and results 
in cutaneous photosensitization for several weeks after its 
administration.*'^ 

We selected chloroaluminum sulfonated phthalocy- 
anine (CASPc) as the photosensitizer. CASPc is a relatively 
pure compound that is chemically stable at room tem- 
perature and absorbs strongly at 675 nm, a wavelength 
with excellent tissue penetration. It is an effective and 
efficient photosensitizer, demonstrated in vitro, '°*"* '^ in 
vivo in tumor models, and in models of neovas- 
cularization (Kliman, unpublished data). CASPc is re- 
tained by skin, but this does not appear to result in cu- 
taneous photosensitization in animals. It also is retained 
by healthy liver and spleen'^ without any apparent dele- 
terious effects, but the long-term effects of the dye have 
not been studied. 

Plasma levels of CASPc peak at 6 minutes after intra- 
venous injection in mice and rats.'^ "* Maximum tumor 
concentration of CASPc occurs 24 to 48 hours after in- 
jection, although this varies in different tumors.*^ *"* We 
chose to ueat 5 minutes after injection of dye, based on 
previous investigations of CASPc photodynamic therapy 
of choroidal neovascularization (Kliman, unpublished 
data). 



MATERIALS AND METHODS 

ANIMALS 

Animals were used in accordance with the ARVO res- 
olution on the use of animals in research. Cynomolgus 
monkeys (weighing 2 to 3 kg) were anesthetized with an 
intramuscular injection of ketamine hydrochloride (20 
mg/kg), diazepam (l.O mg/kg), and atropine (0.125 mg/ 
kg). Supplemental anesthesia of 5 to 6 mg/kg of ketamine 
hydrochloride was given as needed. Proparacaine (0.5%) 
was used for topical anesthesia. Retrobulbar anesthesia 
(0.5 ml of 2% Xylocaine [Astra, Westborough, MA]) was 
given for laser treatments. Pupils were dilated as needed 
with 2.5% phenylephrine and 0.8% tropicamide. Animals 
were sacrificed with intravenous injection of 0.5 ml of 
Euthanasia Solution (embutramide 200 mg/ml, meze- 
bonium iodide 50 mg/mK tetracaine hydrochloride 5 mg/ 
ml; Hoechst Roussel, Soraerville, NJ). 

PHOTOGRAPHY 

Fundus photography and fluorescein angiography were 
performed with a Canon Fundus CF-60ZA camera (Lake 
Success, Long Island, NY). For iris photography and flu- 
orescein angiography, an adapter was mounted on the 
fundus camera containing an achromatic lens with a focal 
length of 25.4 mm (Newport PAC022) after D'Anna et 
al.^^ Angiography was performed with 0.1 ml/kg body 
weight of 10% sodium fluorescein via saphenous vein in- 
jection. 

HISTOLOGY 

All eyes were enucleated under deep anesthesia and 
fixed overnight in 2,5% glutaraldehyde/2% paraformal- 
dehyde in 0.1 M cacodylate buffer, pH 7.2 at 4** C. For 
light microscopy, tissue samples were dehydrated and 
embedded in JB-4 plastic (Polysciences Inc, Warrington. 
PA) and serially sectioned at 2 microns. The sections were 
stained with Stevenol's blue stain, and examined with the 
Olympus BH-2 photomicroscope. For electron micros- 
copy, tissue samples were postfixed in osmium tetroxide 
and embedded in Quetol (Polysciences Inc., Warrington 
PA). Sections were stained with uranyl acetate and lead 
citrate and examined with the Philips #CM 10 transmis- 
sion electron microscope (Eindhoven, The Netherlands). 

PHOTOSENSITIZER 

Chloroaluminum sulfonated phthalocyanine (CIBA- 
Gdgy, Greensboro, NC) with an average of three sulfonate 
groups per molecule was used as a photosensitizer.^^ It 
was diluted with 0.9% saline and injected via the saphe- 
nous vein at 0.5 to 1.0 mg/kg body weight. 

LASER DELIVERY SYSTEM 

Laser light at 675 nm from a continuous-wave argon- 
pumped dye laser (Spectra-Physics Model 375B, Balti- 
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Table 1. CASPc Photodynamic Therapy 




Dye 


Light 








Region 


Dose* 


Doset 


Location 


Angiography 


Histopathology 


1 


0.5 


34 


Nasal half 


1 hr: closed 


1 hr: 90% closed 


2 


0.5 


34 


Whole iris 


1 hr: closed 


2 days: 75% closed with 










2 days: closed 


resorption of occluded vessels 


3 


1.0 


102 


Nasal half 


1 hr. closed 


3 days: 75% closed with 










3 days: closed 


resorption of occluded vessels 


4 


1.0 


102 


Temporal half 


1 hr: closed 


5 days: 75% closed with 










2 days: closed 


remnants of occluded vessels 










5 days: closed 




5* 


0-5 


68 


Temporal hall 


1 hr: closed 


13 days: open with 








7 days: few vessels 


possible remnants of occluded vessels 










13 days: open, leaking 




6 


0.5 


34 


Nasal half 


1 hr: patchy eflect 


22 days: open 










2 days: open 












22 days: open 





* Dye dose is mg/kg. 
t Light dose is Joules/cm^ 

i The treatment parameters for Region 5 are given for the second treatment. The first treatment given 7 days earlier had a patchy, transient effect 
(see text). 



Table 2. CASPc Photodynamic Therapy 


Region 


Dye 
Dose* 


Light 
Ooset 


Location 


Angiography 


Histopathology 


7 
6 

9 

.10 


N/A 
N/A 

0.5 

1.0 


34 
68 

N/A 

N/A 


Temporal hall 
Nasal half 

Whole iris 

Temporal half 


1 hr: open 
1 hr: open 
5 days: open 
1 hr: open 
22 days; open 
1 hr: open 
3 days: open 


1 hr: typical neovascularization 
5 days: typical neovascularization 

22 days: typical neovascularlztion 

3 days: typical neovasculariztion 



* Dye dose is mg/kg. 
t Light dose is Jouies/cml 



more, MD) was delivered along a 300-Mm optical fiber 
and coUimated to a 10-mm diameter beam. Sectors of 
the iris could be shielded, using a hemicircular aperture. 
Power was verified at the cornea by a power meter (Scien- 
tech 362. Boulder, CO). 

INDUCTION OF EXPERIMENTAL IRIS 
NEOVASCULARIZATION 

All branch retinal veins were occluded by argon green 
photocoagulation in a modification of the Virdi and Hay- 
reh model.^^ Veins were occluded near the optic nerve, 
avoiding nearby arterioles. Vein occlusion was docu- 
mented by fundus photography and fluorescein angiog- 
raphy. 

Slit-lamp examination, pneumotonometry. iris pho- 
tography and fluorescein angiography were performed 
every 2 to 5 days after retinal vein occlusion. Iris neovas- 
cularization was characterized by dilated, tortuous vessels 
at the pupillary border and in the midperipheral iris, which 
showed hyperfluorescence early in the angiogram followed 
by leakage of fluorescein in the later frames. 



CASPc PHOTODYNAMIC THERAPY 

Whole irides were treated for 360°, or treated as separate 
halves using the hemicircular aperture described above. 
A summary of CASPc photodynamic therapy treatment 
is given' in Table 1. Six iris regions, one of which was a 
whole iris, were treated with CASPc photodynamic ther- 
apy. After injection of 0.5 or I.O mg/kg of CASPc, the 
iris regions were irradiated with 675 nm light, at 200 m W 
with a lO-mm spot size for 1 33 to 399 seconds. The light 
doses used were 34, 68, and 102 J/cml Table 2 gives the 
parameters for the CASPc photodynamic therapy con- 
trols. Two areas were irradiated with 675 nm of light be- 
fore CASPc injection as light only controls, with light doses 
of 34 J/cm- and 68 J/cm^. Two other areas, one of which 
was a whole iris, received CASPc without irradiation. 

Slit-lamp examination, pneumotonometry, and iris 
photography and angiography were performed after 1 
hour, and, depending on the animal, at 48 hours, 72 hours, 
5 days. 7 days, and 1 3 days after photodynamic therapy. 
Animals were enucleated and killed at 1 hour, 48 hours, 
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Fig I . A, iris photograph before treatment with prominent neovascularization over the surface of the iris, B, iris fluorescein angiogram prior to 
treatment demonstrates fine, tortuous new vessels in the iris, which leaked fluorescein profusely in the later frames. C, iris photograph I hour after 
treatment to the temporal half of the iris (right side of the photo). The arrow indicates a small intrastromal hemorrhage noted after photodynamic 
therapy. D, iris fluorescein angiogram I hour after treatment to the temporal half of the iris. No filling of iris vessels is noted in the treated region 
(arrowheads). Leakage from iris vessels in the untreated half is already apparent. 



72 hours, 5 days, and 1 3 days after photodynamic therapy, 
and tissue was processed for histopatholo^c examination. 



RESULTS 

VESSEL OCCLUSION 

Figure 1 demonstrates the pretreatment and 1 hour 
post-treatment iris photos and iris angiograms. New ves- 
sels were apparent over the surface of the iris before treat- 
ment (Fig lA), and leaked profusely on iris fluorescein 
angiography (Fig 1 B). One hour after photodynamic ther- 
apy to the temporal half (iight side of the picture), small 
intrastromal hemqn-hages were apparent (Fig I C), and on 
iris angiography there was no filling of iris vessels in the 
treated area (Fig ID). The hypofluorescence persisted 
through the angiogram, until it was obscured by leakage 
from the untreated nasal half of the iris. 

Light microscopy (Fig 2) performed 1 hour after pho- 
todynamic therapy showed a fibrovascular membrane 



over the surface of the iris, as well as abnormal, branching 
vessels deeper in the stroma. Approximately 90% of the 
vessels were occluded by thrombus, with aggregated 
platelets and trapped red cells evident. The vascular en- 
dothelium was swollen. The stroma and pigment epithe- 
lium were apparently unchanged. 

Electron microscopy performed I hour after photo- 
dynamic therapy showed ultrastructural changes in the 
endothelium of occluded vessels, and in vessels that re- 
mained patent. In the affected but patent vessels, the en- 
dothelial cells and pericytes demonstrated nuclear swelling 
and vacuolization of their cytoplasm (Fig 3). In some ves- 
sels, areas of attenuated endothelial cell cytoplasm were 
noted where cytoplasmic processes contacted without ap- 
_ parent junctions_(Fig 4).-This may- represent a change 
preceding a break in the endothelium. With more severe 
injury but without vessel occlusion, breaks were apparent 
in the endothelial cells, with exposure of the basal lamina 
and adherence of platelets (Fig 4). 

Similar damage to the endothelium was observed in 
occluded vessels (Fig 5). Endothelial cells and pericytes 
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Rg 2. Lighl micrograph of the iris I hour after ueaiment Abnormal 
new vessels arc observed in the iris stroma and over the surface of the 
iris in a fibrovascular membrane (enclosed by arrowheads). Nearly all 
the vessels are occluded (*). The surrounding stroma and pigment epi- 
thelium (PE) appear normal (original magnification. x200). 



Fig 4. Electron micrograph of iris I hour after treatment. A break in the 
endothelium is evident (between arrows), with exposure of the basal 
lamina (BL). A platelet (PI) contacts the basal lamina at this site. The 
circled region demonstrates two attenuated endothelial cell processes. 
This change may precede a frank discontinuity in the endothelium with 
exposure of the basal lamina. C = collagen; Re ^ pericyte (original mag- 
nification, X4900). 




Fig 3. Electron micrograph of iris 1 hour after treatment demonstrating 
endothelial damage in a patent vessel. There is swelling of the nuclei 
and vacuolization of the cytoplasm (between arrows) of both endothelial 
cells (E) and peric>tcs (Pe). Cells adjacent to the vessel appear undamaged 
(original magnification; x 1 90G). 

demonstrated pathologic vacuolization. Platelets were 
adherent to the exposed basal lamina where the endothe- 
lium was disrupted. Degranulation of platelets was evi- 
dent. The vessel lumens were occluded by aggregated 
platelets and trapped erythrocytes and granulocytes. Col- 
lagen fibers adjacent to the affected vessels demonstrated 
normal striations and spacing (Fig 5). Neighboring cells 
in the stroma appeared unchanged, although, in some 
areas, pigment degranulation of stromal cells was noted. 

VESSEL RESORPTION 

Figure 6 shows iris photos and iris angiograms taken 
before treatment and 2 days after treatment. In this eye, 
the whole iris was treated, and the fluorescein angiograms 
after photodynamic therapy demonstrated a lack of filling 



Fig 5. Electron micrograph of iris 1 hour after treatment. The capillary 
is occluded with eryihroc>tes (Er) and platelets (PI). Platelets are adherent 
to the basal lamina (BL) in areas of breaks in the endothelium (open 
. arrows). Dense granules (G) released from platelets arc evident. The 
pericyte ( Pe) demonstrates a swollen nucleus and vacuolized cytoplasm. 
Collagen fibers adjacent to the affected vessel demonstrate normal stria- 
tions and spacing (C-cirde) (original magnification. X4900). 

of iris vessels (Fig 6D). Fluorescence of limbal vessels 
confirmed the dye transit. Results of histopathologic ex- 
amination showed approximately 75% of the vessels to 
be occluded, with an appearance similar to the changes 
seen after 1 hour (Fig 7). Collections of packed erythro- 
cytes surrounded by disintegrated endothelium were 
noted, consistent with partially resorbed, ocx;luded vessels. 
A few small patent vessels were observed, and in some of 
these vessels, the endothelial cell nuclei appeared abnor- 
mally rounded, protruding into the vessel lumen (Fig 7). 
This histologic finding is characteristic of iris neovascu- 
larization in our experience. 

Electron microscopy of iris vessels performed 3 days 
after treatment showed packed erythrocytes in a vessel 
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Fig 6. A, iris photograph before trcatmcnL New vessels are noted over the surface of the iris. B, iris fluoiescein angiogram before treatment demonstrates 
fine, tortuous new vessels in the iris, which leaked fluorescein. C, ins photograph 2 days after treatment to the whole iris. Small intrastromal 
hemorrhages are evident (arrow). D, iris fluorescein angiogram 2 days after treatment. There is no filling of any iris vessels by fluorescein. Fluorescence 
of limbal vessels confirms the dye transit (arrow). 



peared relatively presetted in areas where the endothelial 
cells and pericytes were absent. 

Five days after treatment, results of electron microscopy 
showed vessel remnants only (Fig 10). Basal lamina out- 
lined empty lumens, without erythrocytes, endothelial 
cells, or pericytes. Macrophage processes were noted in 
proximity to these vessel remnants. 

VESSEL RECURRENCE 

One region was followed for 13 days after photody- 
namic therapy. Vessels were angiographically closed for 
7 days, when angiographic signs of neovascularization re- 
curred. By 1 3 days after treatment, the region demon- 
strated leaking vessels angiographically, with an appear- 
ance similar to its pretreatment angiogram. Results of 
histopathologic examination showed open vessels, both 
on the surface of the iris and in the stroma (Fig 1 1 ). Rare 
whorls of fibroblast-like cells in the anterior stroma were 
-noted, -which -were, consistent-with -the. remnants -of-oc^- 
cluded vessels. The stroma appeared undamaged. 

UGHT AND DYE DOSE 

Three regions did not demonstrate vessel closure at the 
light dose initially selected. Regions 5 and 6 (temporal 




Fig 7. Light micrograph of iris 2 days after treatment demonstrating 
occluded vessels on the iris surface and in the stroma (open arrows). In 
a patent vessel, the endothelial cell nuclei appear abnormally round, 
protruding into the lumen (arrowhead), a histologic finding characteristic 
_of iris neovascularization (original . magnification, . X200) 



cast, with only fragments of endothelial cell and pericyte 
cytoplasm present (Fig 8). Macrophages were observed 
wrapped around the occluded vessels apparently phago- 
cytosing the endothelium (Fig 9). The basal lamina ap- 
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Fig 8. Electron micrograph of iris 3 days after ireaimem. Packed eryth- 
rocytes (Er) are surrounded by disintegrating endothelium. The basal 
lamina (BL) is relatively well preserved. Macrophage processes (arrow- 
heads) arc wrapped around the basal lamina. M - macrophage (original 
niagnification, X52{X)). 




Fig 9. Electron micrograph of iris 3 days after treatment. A macrophage 
(M) is seen phagocytosing the endothelium. E = erythrocyte; BL = basal 
lamina (original magnification, XS2(X)). 



and nasal halves of the same iris), were treated at 34 
J/cm^ after the injection of 0.5 mg/kg of CASPc and 
showed an equivocal patchy closure on angiography 1 
hour after treatment. The angiogram performed 48 hours 
after treatment appeared no different from the pretreat- 
ment angiogram. Region 5 (the temporal halO was re- 
treated 9 days after the initial photodynamic therapy, us- 
ing the same dye dose, but with an increased light dose 
of 68 J/cm^. Retreatment successftilly closed the vessels 
as described above. Region 6 was not retreated and his- 
topathologic examination 22 days after the photodynamic 
therapy showed typical iris neovascularization. Region 4 
was initially treated. with 68 J/cm^ after injection of 0.5 
mg/kg CASPc, and vessels appeared unchanged angio- 
graphically at 1 hour. The treatment was repeated 3 days 
later, again with no effect. Two days later, the region was 




Fig II. Light micrograph of iris 13 days after treatment. Open vessels 
are apparent on the surface of the iris and in the stroma (arrows). A 
fibrovascular membrane is evident over the surface of the iris (open 
arrows), causing ectropion uveae. PE = pigment epithelium (original 
magnification, Xl(K)). 



treated with 102 J/cm^ after injection of 1 .0 mg/kg CASPc 
with effective closure of the neovascularization acutely 
and persistent closure for 5 days as described above. 

ADVERSE EFFECTS OF PHOTODYNAMIC 
THERAPY 

Adverse effects of CASPc photodynamic therapy were 
minimal. An acute rise in intraocular pressure after 1 hour 
was noted in the treated eyes, ranging from 1 to 23 mmHg 
(mean, 7. 1 mmHg), which resolved within 48 hours. No 
treatment was given and intraocular pressure measured 
at follow-up examinations was normal. Mild lid swelling, 
and chemosis and injection of the conjunctiva were ob- 
served, all of which had resolved by 48 hours after treat- 
ment. Small intrastromal hemorrhages were noted clini- 
cally in two eyes after photodynamic therapy. No hyphe- 
mas were observed. Post-treatment inflammation was 
minimal (in the range of 1+ cell and flare) and transient, 
resolving by 48 hours after therapy. Although systemic 
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toxicity was not specifically addressed in this study, no 
adverse systemic effects of dye administration were noted. 

CONTROLS 

Control regions irradiated before CASPc injection (Re- 
gions 7 and 8), and regions without irradiation but re- 
ceiving CASPc (Regions 9 and 10), showed no ophthal- 
moscopic, angiographic, or histologic effect on ,lhe neo- 
vascularization or the normal stroma. 



DISCUSSION 

Photodynamic therapy using CASPc effectively closed 
iris neovascularization in a nonhuman primate model. 
The ultrastructural changes observed in this model after 
photodynamic therapy can be combined with what is 
known biochemically to further elucidate the mechanism 
of the treatment using phthalocyanines. The model also 
may be used to investigate the processes of repair and 
recovery after photodynamic therapy. 

The biochemical mechanisms of photodynamic therapy 
using phthalocyanines and other dyes have been inves- 
tigated in vitro. The reactions are oxygen dependent and 
probably involve singlet oxygen.* -' Superoxide radicals 
are formed but their production does not seem to conelate 
with phototoxicity, and hydroxyl radicals are not gener- 
ated.^* Singlet oxygen and other reactive intermediates 
may oxidatively react with various cellular components 
including steroids and phospholipids in cell or lysosomal 
membranes, tryptophan and methionine moieties in pro- 
teins, and guanosine moieties in the nuclei.** 

The cellular effects and subcellular localization of pho- 
tosensitizing dyes can be demonstrated by ultrastructural 
studies in vitro. They relate to the biochemical charac- 
teristics of a dye and partially determine its photosensi- 
tizing efficiency. Porphyrins are hydrophilic compounds 
and appear to enter the cell by diffusion and localize to 
the mitochondria.'" Phthalocyanines are more lipophilic 
than the porphyrins and have been shown to enter the 
cell by endocytosis and localize to lysosomes.'- If endo- 
cytosis is inhibited, the phototoxicity of phthalocyanines 
is greatly reduced but not lost, implying that some pho- 
totoxic effect occurs with dye in an extracellular location. 

Ultrastructural studies of photodynamic therapy in vivo 
allow one to observe the mechanism of the treatment in 
tissue, to elucidate the importance of cell type, vascularity, 
and surrounding tissue effects. There is increasing evi- 
dence that the in vivo mechanism of photodynamic ther- 
apy involves vascular damage.* Our findings strongly 
suggest a selective effect of phthalocyanine photodynamic 
therapy on blood vessel endothelium. The earliest ob- 
served effect of CASPc photodynamic therapy oii iris 
neovascularization was damage to the endothelial cells 
and pericytes, with nuclear swelling and vacuolization of 
the cytoplasm. This could be explained by CASPc-me- 
diated photochemical damage to membranes, both extra- 
cellular and intracellular (e.g., lysosomes). With increasing 
photodamage. the endothelial cells appeared to lose their 



normal junctions and then to retract or "round-up." ex- 
posing the basal lamina. Platelets adhered to these areas 
of exposed basal lamina, and with aggregation and de- 
granulation led to thrombus formation and occlusion of 
the vessel. Damaged endothelial cells also may contribute 
to thrombogenesis by the release of Factor VIII as dem- 
onstrated by investigators in vitro.'* Photodamage ap- 
peared to be limited to the endothelial cells and pericytes, 
with nearby stromal cells unaffected. Subendothelial col- 
lagen also appeared unaffected with preservation of the 
typical striations and spacing. 

Milanesi et al-° also found vacuolization and fragmen- 
tation of the endothelium 1 5 hours after photodynamic 
therapy of transplantable fibrosarcoma, using zinc- 
phthalocyanine. Packer et aP^ used hematoporphyrin de- 
rivative to close experimental iris neovascularization. 
Histopathology of acutely treated tissue demonstrated 
empty vessels by light microscopy but changes to indi- 
vidual cells were not described. Ban* et aP' used CASPc 
photodynamic therapy in normal rat colon and found 
preservation of collagen with disruption of stromal blood 
vessels. In contrast, Nelson et al" described the earliest 
effects of CASPc photodynamic therapy in a transplant- 
able mouse tumor as the destruction of collagen fibers in 
the subendothelial zone with relative preservation of the 
endothelial cells. Two hours after treatment they observed 
disruption of blood vessels, and 4 hours after treatment 
hemorrhage into' the tumor obscured histologic details in 
their model. The tendency for tumors to hemorrhage after 
photodynamic therapy make them generally less satisfying 
models for examining the effects of the treatment on mi- 
crovasculature. 

The iris neovascularization model also allows better 
elucidation of the ultrastructural changes of tissue recovery 
after photodynamic therapy. Two to three days after the 
treatment, occluded vessels were observed undei:going re- 
sorption. Macrophage processes were wrapped around the 
occluded vessels phagocytosing the damaged endothelium. 
This process was more advanced by 5 days after treatment, 
and. by 13 days after treatment, only rare remnants of " 
occluded vessels were observed in the treated tissue. Frank 
recanalization of iris vessels was not observed histologi- 
cally. One region followed for 13 days after photodynamic 
therapy developed neovascularization angiographically 
after 7 days, most likely representing recurrence of new 
vessels secondary to continued angiogenic stimulus from 
the ischemic retina. 

As described in the Results section, three regions did 
not respond to the initial light and dye doses used. The 
explanation for a higher light and dye dose requirement 
is not entirely clear and may relate to the degree of leakage 
or density of the iris vessels, or differing degrees of pig- 
mentation. However, the dye dose of 1 rag/kg and the 
light dose of 102 J/cm*, which were subsequently effective 
are still low and did not result in any damages to sur- 
rounding tissue or systemic toxicity. 

In conclusion, CASPc photodynamic therapy effectively 
closed iris neovascularization, and the vessels remained 
closed for up to 7 days. Although there was a mild pressure 
rise after PDT, there were no significant complications of 
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treatment. Definitive treatment of anterior segment neo- 
vascularization requires ablation of retinal tissue, currently 
best accomplished by panretinal photocoagulation. How- 
ever, panretinal photocoagulation is not immediately ef- 
fective, and anterior segment neovascularization can 
continue to progress in the days to weeks after the treat- 
ment. CASPc photodynamic therapy used concurrently 
with panretinal photocoagulation may be a useful adjunct 
to this treatment. CASPc photodynamic therapy could 
be used to close areas of iris neovascularization or with 
the addition of a gonio lens to close new vessels in the 
angle. CASPc photodynamic therapy could be a holding 
therapy used concurrently with panretinal photocoagu- 
lation, to close new vessels and stabilize the eye until pan- 
retinal photocoagulation is effective in suppressing neo- 
vascularization. 
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